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ABSTRACT
DESIGN OF CONTROL TOOLS FOR USE IN MICROGRID SIMULATIONS
New technologies are transforming the way electricity is delivered and consumed. In the past
two decades, a large amount of research has been done on smart grids and microgrids. This can
be attributed to two factors. First is the poliferation of internet. Internet today is as ubiquitous
as electricity. This has spawned a new area of technology called the internet of things (IoT). It
gives us the ability to connect almost any device to the internet and harness the data. IoT finds
use in smart grids that allow utiliy companies to deliver electricity efficiently. The other factor is
the advancement in renewable sources of electricty and high power semiconductors coupled with
their decreasing cost. These new sources disrupt the traditional way of electicity production and
delivery, putting an increased focus on distributed power generation and microgrids.
A microgrid is different from a utility grid. The difference is in the size of the grid, power
level, a variety of possible sources and the way these are tied together. These characteristics lead
to some unique control challenges. Today’s appliances and consumer goods are powered using a
standardized AC power. Thus a microrid must deliver uninterrupted and high quality power while
at the same time taking into account the vastly different nature of the microsurces that produce the
power. This work describes control system tools for different power converters that will be used in
simulating microgrids.
Simulations are important tool for any researcher. It allows researchers to test their research
and theories at a greatly reduced cost. The process of design, testing and verification is an iterative
process. Simulations allow a cost effective method of doing research, substituting the actual pro-
cess of building experimental systems. This greatly reduces the amount of manpower and capital
investment.
A microgrid consists of several building blocks. These building blocks can be categorized into
microsources, energy stores, converters and the loads. Microsources are devices that produce elec-
ii
tric power. For example, a photovoltaic panel is a mirosource that produces DC power. Converters
act as an interface between microsources and the grid. The constituent chapters in the document
describe microsources and converters. The chapters describe the underlying control system and
the simulation model of the system designed in Simulink.
Some of the tools described are derived from the MATLAB/Simulink Examples library. Origi-
nal authors of the simulation models and systems have been duly credited. Colorado State Univer-
sity has a vibrant research community. The tools described in this thesis are geared to be used for
research into microgrids. The tools are developed in a simulation software called Simulink. The
tools would allow future researchers to rapidly build microgrid simulations and test new control
system implementations etc.
The research described in the thesis builds upon the research by Han on natural gas engine
based microgrid [1]. The control tools described here are used to construct a microgrid simulation.
The microgrid is built around a natural gas engine. Due to the transport lag in delivering fuel, a
natural gas engine exhibits significant deviation in the AC grid frequency when subjected to step
load. The microgrid setup along with the control system described here, minimizes the frequency
deviation, thus stabilizing the microgrid. Simulation results verify the working of the tools .
iii
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It is impossible to imagine modern human civilization without electricity. Utility grids have
been the backbone of the energy infrastructure and have largely been unchanged since they were
first introduced at the beginning of twentieth century. Utility grid due to its’ centralized nature
has some disadvantages. A recent example would be Hurricane Maria that hit the island of Puerto
Rico in the fall of 2017. It knocked down most of the island’s electricity grid, rendering almost
all the island without power [2]. The issues associated with a centralized grid can be addressed by
using distributed sources of energy and decentralizing the electricity grid. Recently, investment in
renewable sources has gained a lot of momentum. Advancement in technologies that tap into these
renewable sources have transformed the way electricity is consumed. Microgrids that utilize these
renewable sources, combined with conventional sources have increasingly been used to mitigate
the drawbacks associated with a conventional centralized utility grid. Microgrids installed in some
locations in Puerto Rico continued to work even after the utility grid was down.
A microgrid is an enveloping term that refers to an electrical installation that might or might
not be connected to the utility grid, but in itself has all the components of a grid. Microgrids are
installed in remote areas that do not have access to the utility grid. Microgrids are also implemented
in sensitive installations such as hospitals, airports etc. that require an uninterrupted power, even
in the event of an outage in the utility grid. Microgrids may be installed in areas that have an
abundance of one type of natural resource. A microgrid that can tap into such varied sources of
energy leads to some interesting design challenges. This thesis is a small contribution towards
solving those challenges.
This thesis describes the development of control systems in a commercial simulation software
package. The control tools are aimed at design and simulation of power systems in microgrid. The
text describes a simulation of a microgrid built around a natural gas engine. Potential application
of such a microgrid would be in an off-site installation that has an easy access to natural gas.
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It describes a proposed control system for this type of microgrid, and details construction of a
simulation, utilizing the control tools described in the constituent chapters.
Various simulation software are available that can simulate electrical power systems and cir-
cuits. One such software is the MATLABTM SimulinkTM Simscape Power Systems, Specialized
Technology. It is a set of specialized components and algorithms intended to be used in simulation
of electrical power systems and power electronic devices [3]. The Specialized Technology com-
ponents library is developed by Hydro-Quèbec. Using the library one can implement and simulate
power systems. The Simulink environment can be used to implement control system that inte-
grates with the power system components. Other simulation and data acquisition tools available in
Simulink , coupled with MATLAB’s toolboxes makes the Simulink a suitable choice for simulat-
ing control systems for electrical systems. The tools described here builds upon work done by Han
and Dr. Peter Young at Colorado State University. Some tools are a derived from the examples in
“Simulink Simscape Sim Power Systems, Specialized Technology Toolbox”.
1.1 Simulink Simulation Setup
A simulation is a replication of physical phenomenon or real world systems in a virtual setting.
Physical systems are characterized by mathematical expressions (differential and algebraic equa-
tions) that are solved to get outputs, referred to as simulated outputs. In Simulink environment,
these systems are arranged as visual blocks representing systems mimicking physical systems.
Data flow between these systems is shown by interconnecting paths representing flow of data.
The system is solved by a solver engine using numerical integration techniques. User can specify
parameters for the engine such as, solver step time, solver type etc.
Simulation is stored in a model file. The model file stores all the information about the con-
stituent subsystems and models in an XML format [4]. The building blocks of a Simulink simu-
lation are Simulink blocks. A block is analogous to a function. Figure 1.1a shows a hierarchical
visual breakdown of a simulation with various subsystems. The bottommost layer in the figure
represents the simulation. The subsystem mask is a visual depiction of a subsystem. User inter-
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acts with the mask when implementing the subsystem. The mask contains all the parameters and
model specific values. These parameters give the user a high level of flexibility in customizing the
subsystem to suit the simulation requirements. Figure 1.1b shows an actual subsystem mask along
with the block parameters dialog box. The parameters can be assigned default values that can be
changed later as desired.
Simulink Sim Power Systems Specialized Technology Components Working
The Simulink Simscape Power Systems Specialized Technology Library is a simulation do-
main within Simulink . It lets a user simulate electrical components and power systems, otherwise
simulated in specialized electrical simulation software. It combines two otherwise different simu-
lation paradigms into one, adding a high level of flexibility towards system design and simulation.
It is especially helpful from a controls point of view, for a controls designer working on control for
power systems. A simulation using the Simscape Power Systems Specialized Technology com-
ponents is distinguished from a regular Simulink system by a "Power GUI" block. The block
sets various solver settings and options specific to the Specialized Technology library component.
Besides solver settings, the block provides analysis tools that are useful for system analysis. A
simulation using the Simscape Power Systems Specialized Technology components is executed in
the following steps: [5]
1. The simulation is initialized and sorted into linear and nonlinear blocks.
2. The linear part of the simulation is converted into state-space equations. This linear part of
the system is simulated using the S-Function blocks of the MATLAB. The nonlinear part is
executed using predefined Simulink blocks.’
3. The simulation is built and stored inside the Powergui block. The electrical simulation and
Simulink simulation reside in separate domains. Special interface blocks must be used to
interchange data between these.
3
high level of flexibility in tweaking the subsystem to suit the simulation requirements. Figure 1.1b
shows an actual subsystem mask along with the block parameters dialog box. The parameters can








(a) Depiction of the layered architecture of a SimulinkTM simulation model.
(b) Diesel Generator Controller mask showing various parameters.
Figure 1.1: (a) Depiction of layered architecture. (b) A subsystem mask
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1.2 Document Structure
This chapter provided some background information on the MATLAB/Simulink software. The
rest of the thesis is structured as follows. Next chapter describes microgrid topologies, listing their
potential usage, benefits and drawbacks. Chapter 3 describes a generator unit. It describes the
modeling and control of an engine followed by description of a synchronous generator. This chap-
ter then describes how multiple generators can be setup and controlled. Chapters 4 and 5 describe
the photovoltaic system and the battery storage system. Chapter 6 describes control techniques for
a three-phase bridge converter. Chapter 7 gives an example implementation of a microgrid using
some of the tools developed and described in the thesis. The last chapter lists concluding remarks
and suggestions for future work on further development of the library along with potential uses. It
describes how simulation techniques such as HIL can be integrated with the tools developed here




Microgrid technologies are getting mainstream adoption due to many factors. One the factors
driving this growth is the increasing affordability of renewable technologies such as wind and
solar power. This has been supplemented by progress in material science that has increased the
efficiency of these energy sources. Coupled with ever increasing demand for high capacity lithium-
ion batteries and super-capacitors, microgrid engineers and designers have a myriad of electrical
sources to choose from. All these factors when combined present a very promising picture for the
microgrids. The abundance of energy sources pose a design and control challenge. These sources
have different characteristics, response times and implementation constraints. A designer must be
able to recognize these factors when designing a microgrid, to operate them at their full efficiency.
The next two sections describe the two widely implemented microgrid topologies.
2.1 DC Bus Topology
In a microgrid installation, photovoltaic panel constitutes an important and noticeable com-
ponent. This can be attributed to the availability of abundant sunlight and the decreasing cost of
photovoltaic panels [6] [7]. Combined with storage units such as batteries and supercapacitors, the
DC power constitute a large portion of modern day microgrids. Combining these factors with an
ever-increasing shift towards DC load devices, it becomes inevitable to design a microgrid around
the DC power. A significant amount of research and literature has used a DC bus based microgrid
topologies [8] [9].
The thesis lays out a proposed microgrid topology constructed around a common DC bus.
Figure 2.1 shows the schematic and the components of the proposed DC topology.
All the electrical sources are connected to a common DC bus. The sectioned blocks are power
converters that interface with a source and the bus. The arrows underneath every converter block



















Figure 2.1: DC Bus Topology.
represents the power flow. The PV and the generators have unidirectional power converters that
dump power into the DC bus. The battery is connected to the DC bus with a bi-directional DC
to DC converter. This allows the battery to act as an energy buffer, supplying power to the DC
bus when required. The bidirectional converter allows power flow into the battery during a charge
cycle. A DC load can be directly connected to the bus.
Microgrids are designed to supplement or work with existing electrical infrastructure. Thus,
an AC power converter is an essential component. The AC to DC converter (inverter), connected
to a common DC bus, converts the DC power into AC power. All the AC loads are connected the
AC bus driven by an inverter. The microgrids in this text are assumed to be working in islanded
operation. Thus, the inverter has to generate the AC power without any external AC power prime
mover. This type of inverter is called a grid forming inverter. Chapter 6 describes the simulation
model and control of a grid forming inverter.
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an AC power converter is an essential component. The AC to DC converter (inverter), connected
to a common DC bus, converts the DC power into AC power. All the AC loads are connected the
AC bus driven by an inverter. The microgrids in this text are assumed to be working in islanded
operation. Thus, the inverter has to generate the AC power without any external AC power prime
mover. This type of inverter is called a grid forming inverter. Chapter 6 describes the simulation
odel and control of a grid forming inverter.
There are some advantages and disadvantages of using a DC bus based microgrid. Multiple
generator units in an AC grid require grid synchronization to operate in parallel. Simultaneous
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operation of these generators, acting as single power source require specialized controllers and
infrastructure. These also require control strategies to control output power and maintain grid
frequency. A DC bus based microgrid does not require these. The generator units have individual
DC power converters (rectifiers), thus no grid synchronization is required.
The downside of this topology is the cost of converters and the added complexity associated
with these. Each generator unit would require its own rectifier unit. The other disadvantage is
the lack of a prime mover on the AC side. Inverters, as opposed to generators, do not have inertia
associated with a rotor. The inertia can absorb mild fluctuations induced by load changes. This acts
as to stabilize the grid against disturbances. In an inverter powered grid with virtually no inertia, an
inductive load can induce unwanted harmonics and destabilize the grid frequency. Control systems
have been designed that implement the concept of virtual inertia that can mitigate these issues [10].
2.2 AC Bus Topology
Another microgrid topology is where the DC and AC sources are separate. This topology is
cost efficient as the microgrid can be setup by integrating new devices with existing electrical
infrastructure, such as rural or remote grid installations. Figure 2.2 shows the schematic of an AC
bus based microgrid topology. One can notice the difference the way the generators and the inverter
are connected. The inverter is a bidirectional AC to DC converter. In a three-phase system, the AC
to DC converter is a three phase bridge converter. The converter acts as a rectifier or inverter by
selecting appropriate control algorithm and the desired flow of power. Chapter 6 describes three
phase universal bridge and underlying rectifier or inverter control strategies. The bridge converter
can push power into the DC bus to charge the battery when excess power is available on the AC
side.
The inverter used in such configuration is a grid following or grid supporting inverter [11]. A
grid supporting inverter converts DC power to AC power but is not the grid master. The inverter
follows and maintains the AC power and frequency set by another AC source, usually a prime
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follows and maintains the AC power and frequency set by another AC source, usually a prime
mover synchronous generator. When multiple generators are employed, the generators are syn-
chronized to operate in phase producing power as a single power source. The synchronization and
load sharing control strategies are discussed in the next chapter.
Besides the above mentioned microgrid topologies, there are other possible configurations.
Author aims to pursue research into these in the future.
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Figure 2.2: AC Bus Topology.
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A generation unit is an essential component of a microgrid. Internal combustion engines have
been around for over a century. Some of their characteristics make them indispensable for use in
microgrids. Diesel engines can be modeled using simple linear models because of their predictable
performance and quick transient response. The research in this text is geared towards designing
of control systems for microgrids that are built using natural gas engines. This chapter describes
the detailed Simulink model of a natural gas engine. The engine models used in this library were
developed by Yi Han at Colorado State University [1]. The chapter then describes the working
of synchronous generator and how multiple generators can be used in various configurations to
achieve desired power output.
3.1 Engine
An engine is a complex machine with various mechanical systems working together. For a
four stroke engine, the engine cycle can be summarized as follows. In the suction cycle, the piston
draws fuel from the fuel inlet mechanism. Suction cycle is followed by the compression cycle, in
which the piston moves upwards compressing the fuel-air mixture. Then follows the combustion
cycle. It is also known as the power stroke. Power stroke is the one that counts for the actual power
output from the engine. The combustion cycle is followed by the exhaust cycle. In this cycle
the burnt gases from the previous cycle are expelled via the exhaust manifold. Engine consists of
various subsystems that contribute to the engine cycle. Figure 3.1 shows the subsystems and their
interconnections implemented as a Simulink simulation model. The subsystems and their working
is described below.
The air filter is modeled as a giant orifice, thus, the air flow is calculated by standard com-
pressible fluid flow equations [12]. Air filter subsystem composes the input section. It purifies the
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air going into the combustion chamber. The air filter introduces a pressure drop and thus, is an
essential modeling component.
The air filter is modeled as a giant orifice, thus, the air flow is calculated by standard compressible
fluid flow equations [12].
The fuel valve controls the amount of fuel going into the engine. The amount of air and fuel
mixture going into the engine is known as the Air to Fuel Ratio (AFR). The fuel value controls the
ARF and is modeled as a butterfly valve. The mixer block models the mixing of the air and the
fuel.
The mixer block output is then fed to the turbocharger. One can notice the output port 'AFR'is
connected to the mixture block. The AFR output from the engine is used as control variable. A
controlled AFR is necessary for increasing the engine efficiency [13]. In case of a natural gas
engine, the AFR should be tightly controlled for the engine to operate [11].
The turbocharger consists of a turbine, compressor and a rotor. A turbocharger increases the in-
let flow, thus, producing more power with the same size of engine displacement. The turbocharger
subsystem models the subcomponents separately. It consists of a compressor that connects to a
turbine with a rotor. The compressor compresses the incoming fuel air mixture. The rotor acts as
11
Figure 3.1: Natural gas engine Simulink model showing various subsystems.
The fuel valve controls the amount of fuel going into the engine. The amount of air and fuel
mixture going into the engine is known as the Air to Fuel Ratio (AFR). The fuel value controls the
ARF and is modeled as a butterfly valve. The mixer block models the mixing of the air and the
fuel.
The mixer block output is then fed to the turbocharger. One can notice the output port ‘AFR’is
connected to the mixture block. The AFR output from the engine is used as control variable. A
controlled AFR is necessary for increasing the engine efficiency [13]. In case of a natural gas
engine, the F should be tightly controlled for the engine to operate [1].
The turbocharger consists of a turbine, compressor and a rotor. A turbocharger increases the in-
let flow, thus, producing more power with the same size of engine displacement. The turbocharger
subsystem models the subcompon nts separately. It c nsists of a compressor t at connects to a
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turbine with a rotor. The compressor compresses the incoming fuel air mixture. The rotor acts as
mechanical coupling between the compressor and the turbine. The outputs from the compressor
and turbine are then fed into the inter-cooler and engine block, respectively.
The inter-cooler reduces the temperature of the compressed flow, thus, increasing the flow
density, eventually generating more power. In the model, the inter-cooler is modeled as a volume
element.
The throttle valve is modeled similarly to the inlet valve with some slight changes. It is the
control element that controls the engine speed. Intake manifold distributes the air and fuel mixture
into the cylinders for the combustion cycle. It is an important component of an engine due to the
requirement of uniform distribution of the mixture to all cylinders. The manifold is modeled on
the principle of conservation of energy and the ideal gas laws.
The engine block is the part of the model where actual combustion takes place, converting
the heat energy into mechanical energy, hence generating the output torque. The mean indicated
torque is the output torque of the engine. It is calculated by
Ti = mf .QLHV .ηind (3.1)
where, mf is the fuel mass in the cylinders, QLHV is the fuel lower heating value and ηind is
the indicated efficiency of the engine. The model computes the friction and pumping losses, thus
presenting an accurate model of an actual engine.
Exhaust manifold collects the exhaust gases generated in the cylinders and vents them out. The
exhaust manifold is modeled similarly as the intake manifold. In the model, one can notice the
’volume output states’ from the exhaust manifold goes back into the intercooler. This is because
some of the energy from the exhaust gases is extracted for increasing the inlet flow.
Figure 3.2 shows the Simulink subsystem mask for a natural gas engine. The library contains
simulation models for diesel and natural gas engines. The models are highly detailed and customiz-
able. This gives the controls designer a lot of flexibility in designing setting up the simulation for
different engine models and sizes. Each subcomponent in the model can be adjusted from the top-
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most mask. This flexibility to adjust or modify each subsystem allows the model to be accurate,
thus, accurately modeling behavior of an actual engine. Usage and function of a subsystem mask
was described in Chapter 1.
Figure 3.2: Engine Parameters Mask.
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Figure 3.2: Natural gas engine Simulink mod l showing various subsystems.
3.1.1 Engine Control
Internal combustion engines like diesel and natural gas engines are widely used in small grid
installations to drive a generator. Engines have a fundamental advantage over other forms of mi-
crosources such as wind and solar energy, such that the energy output is not dependent on envi-
ronmental factors. AC grids operate at a fixed frequency that must be maintained for stable grid






where P is the number of pole pairs and rpm is the rotor rpm. Hence engine speed control is an
essential component of microgrid control. Simple engine speed control in these simulation models
is achieved using PID regulators, also called a governor. Chapter 8 discusses use of a MIMO
controller for engine speed control. PID controller for engine speed controller is discussed below.
A change in the torque experienced by the engine affects the engine rpm. A PID controller
measures the engine RPM and compares it with a set reference value. The error is fed to a PID
regulator that generates a control output. The control output is the amount of fuel injected into the
engine. Fuel control in an engine is achieved using a throttle valve, shown on the left as an input
port connected to the throttle block in Figure 3.1. A PID controller is robust in the sense that one
doest not need to have detailed knowledge about underlying mathematical model of the plant. The
PID gains are carefully tuned to achieve a reasonable performance. Simulation tools developed
in the toolbox are intended towards microgrids built around a natural gas engine. In a natural gas
engine, besides the control of engine output, another important control variable is the inlet Air to
Fuel Ratio (AFR). For a lean burn natural gas engine, AFR should be tightly controlled.
Figure 3.3 shows the Simulink implementation of a natural gas engine. Notice there are two
separate PID regulators for engine speed control and AFR control.
A natural gas engine is different from a diesel engine. In a diesel engine, the fuel is injected
directly into the combustion chamber. In contrast, for a pre-mixed lean burn natural gas engine,
fuel is injected before the turbocharger. This leads to a considerable fuel transport delay. Therefore
a natural gas engine has a poor transient response to sudden load changes compared to a diesel
engine. Figure 3.4b shows the engine speed output for a natural gas engine. The load on the
engine is varied in steps, shown in Figure 3.4a. Engine speed reference is set at 1800 rpm. PID
governor measures the error in the reference and the measured speed commanding a control output
that injects fuel into the engine. Notice that after every step change in the load, the engine rpm
























directly into the combustion chamber. In contast, for a pre-mixed lean burn natural gas engine, fuel
is injected before the turbocharger. This leads to a considerable fuel transport delay. Therefore a
natural gas engine has a poor transient response to sudden load changes than a diesel engine.
Figure 3.4b shows the engine speed output for a natural gas engine. The load on the engine is
varied in steps, shown in Figure 3.4a. Engine speed reference is set at 1800 rpm. PID governor
measures the error in the reference and the measured speed commanding a control output that
injects fuel into the engine. Notice that after every step change in the load, the engine rpm shows
a big variation. The PID regulator ten tries to mainitain the reference. Engine speed settles to the
reference is about 30 seconds. Natural gas engine shows an maximum engine speed deviations of
about 30 rpm.
As mentioned earlier, natural gas engines perform poorly to changes in engine load due to the
fuel transport lag. For comparison, Figure 3.5 shows the engine speed output for a diesel engine.
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Figure 3.3: Natural gas engine and controller implementation in Simulink.
the reference is about 30 seconds. Natural gas engine shows an maximum engine speed deviations
of about 30 rpm.
As mentioned earlier, natural gas engines perform poorly to changes in engine load due to the
fuel transport lag. For comparison, Figure 3.5 shows the engine speed output for a diesel engine.
The engine is subject to the same load variations as the one displayed in Figure 3.4a. Engine
rpm deviates by not more than 0.5 RPM from the reference engine RPM of 1800.
Natural gas engines have a poorer transient response than diesel engines but they offer some
unique advantages. In order to meet the emission standards set by environment agencies, man-
ufactures have to make considerable investment on engines to make them compliant with those
standards. This increases the upfront cost of a diesel engine. Natural gas engines are suitable for
installation in remote sites where there is an easy access to natural gas, such as remote fracking
sites. In addition to the above factors, natural gas is cheaper than diesel [14]. This translates to a
lower operating cost for the operational lifetime f the engine. Lat r cha ter addresses the usage
of a natural gas engine in a microgrid and device control strategies to mitigate issues of engine












































































(b) Natural Gas Engine Speed Response
Figure 3.4: Natural Gas Engine Load input and speed response.
16
(b) Natural gas engine speed response


































Natural engines have a poorer transient response than diesel engines but they offer some
unique advantages. In order to meet the emission standards set by environment agencies, man-
ufactures have to make considerable investment on engines to make them compliant with those
standards. This increases the upfront cost of a diesel engine. Natural gas engines are suitable for
installation in remote sites where there is an easy access to natural gas, such as remote fracking
sites. In addition to the above factors, natural gas is cheaper than diesel engine [14]. This trans-
lates to a lower operating cost for the operational lifetime of the engine. Later chapter addresses
the usage of a natural gas engine in a microgrid and device control strategies to mitigate issues of
engine response and grid stability.
3.2 Synchronous Generator
A synchronous generator is a synchronous machine that converters mechanical energy into
electrical energy. A synchronous machine is called so because the frequency of the electric current
is synchronized with the rotor. It consists of a rotor with rotor windings that rotates in a stator. The
stator windings are connected to the AC mains. Figure 3.6 shows the equivalent circuit for the dq-
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Figure 3.5: Diesel engine speed response to load variations.
3.2 Synchronous Generator
A synchronous generator is a synchronous machine that converters mechanical energy into
electrical energy. A synchronous machine is called so because the frequency of the electric current
is synchronized with the rotor. It consists of a rotor with rotor windings that rotates in a stator.
The stator windings are connected to the AC mains. Figure 3.6 shows the the equivalent circuit
for the dq- axis of a three-phase synchronous generator with the reference frame fixed in rotor.
The subscripts f and k represent quantities related to the field winding and the damper winding,
respectively. The magnetization inductances are shown as Lmd and Lmq.
It is convenient to represent the time varying quantities, such as magnetic flux and voltage, in a
rotating reference frame that is fixed in the rotor. This transforms the time varying quantities into
equivalent DC values. The transformation is described in detail in Chapter 6. Voltage output of the
generator in the rotor reference frame for dq axis can be summarized as [15]









axis of a three-phase synchronous generator with the reference frame fixed in rotor. The subscripts













































(b) Equivalent circuit for q-axis
Figure 3.6: Synchronous Generator equivalent Circuit in rotor reference frame
It is convenient to represent the time varying voltages transformed using the dq0 in the rotating
reference frame of rotor. The transformation is described in detail in Chapter 6. Voltage output of
the generator in the rotor reference frame for dq axis can be summarized as [15]
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(a) Equivalent circuit for d-axis.
axis of a three-phase synchronous generator with the reference frame fixed in rotor. The subscripts
f and k represent quantities related to the field winding and the damper winding, respectively. The












































It is convenient to represent the time varying voltages transformed using the dq0 in the rotating
reference frame of rotor. The transformation is described in detail in Chapter 6. Voltage output of
the generator in the rotor reference frame for dq axis can be summarized as [15]
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(b) Equivalent circuit for d-axis.
Figure 3.6: Synchronous generator equivalent circuit in rotor reference frame
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where rs is the stator resistance, id and iq is the axis current, ωr is the rotor angular frequency, λd
and λq is the flux linkage for d and q axis respectively.








(λdiq − λqid) (3.5)
where, P is the number of poles.
The synchronous generator is driven by an engine. The library has separate generator models
powered by diesel and natural gas engine. Figure 3.7 shows the Sumulink model of a generator.
The generator simulation model and the succeeding models described in this chapter are developed
by Dr. Peter Young. The engine drives a synchronous generator excited by an IEEE recommended
excitation system [16]. The synchronous generator produces electromagnetic torque as described
in equation 3.5. The generator outputs the total torque and feeds it into the engine block, thus
forming a close loop. All the measurements from the engine and the generator are coupled together
in separate measurement buses.
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3.3 AC grid frequency control as a power control technique
A generator is essentially a giant rotating spindle. In addition to the electromagnetic torque that
is the byproduct of the electric power generation, there is the mechanical torque. The mechanical
torque is independent of the electromagnetic torque and is a function of the rotor inertia. The







A torque source, in this case an engine, must overcome the mechanical torque and the electro-
magnetic torque. Thus, total input inertia to an engine is
TI = Te + TM = Te. (3.7)
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Figure 3.7: Simulink model of Synchronous generator powered by a natural gas engine.
. ri fre e c c tr l s er c tr l tec i e
generator is essentially a giant rotating spindle. In addition to the electro agnetic torque that
is the byproduct of the electric po er generation, there is the echanical torque. The echanical
torque is independent of the electro agnetic torque and is a function of the rotor inertia. The







torque source, in this case an engine, ust overco e the echanical torque and the electro-
agnetic torque. Thus, total input inertia to an engine is
TI = Te + TM (3.7)
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Considering equation 3.5, the torque is a function of current. Thus, any increase in the load
or increase in power demand would translate to a higher current being drawn. This leads to an
increased torque input on the engine. From equation 3.1, for a steady state operation, i.e. constant
fuel would mean a decrease in engine rpm. The engine rpm is directly proportional to the AC
output frequency. An engine with a speed controller would inject more fuel into the engine to
maintain the speed and cope with the increased torque. Thus, maintaining the AC frequency acts
as a power control technique in an AC grid.
3.4 Multiple Generator Operation
Microgrids are deployed in varied scenarios with different load requirements. Where a single
generator is insufficient to meet the load demand, multiple generators are deployed. The generators
act as a single unit servicing the load demand. Over the years, numerous control techniques have
been developed to control multiple generation units. The following sections describe two popular
multiple generator control techniques.
1. Frequency Droop
2. Isochronous load Share
The mode of operation can be selected from the topmost mask as shown in Figure 1.1b . These
operating modes are explained in the next section. The synch control block and the generator
breaker are used to synchronize the generators when operating in multi-generator mode.
Droop Control
Frequency and Voltage Droop control are popular control techniques for distributed generation
units. Droop control is widely used in the utility power grids to manage and distribute power among
various power generation units. The popularity of this technique can be gauged from the plethora
of available literature on droop control. The droop control is a decentralized control scheme and
is widely popular in application areas where there the cost of a centralized control is very high, or
such control is not possible [17].
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Droop control is a low-cost load sharing technique implemented using existing grid resources.
The load sharing between multiple generator units is achieved within each module by drooping the
output frequency as function of generator output power [18].
Generator units that convert mechanical energy into electrical energy have the inherent feature,
such that, the power drawn is proportional to the torque on the rotor. The torque, in turn, is
proportional to the rotational speed of the engine. Droop technique exploits this feature to achieve
load sharing. A droop controller, based on droop curve for individual generator, sets the reference
frequency of the generators, thus providing a linear correlation between frequency droop and the
load being serviced. Figure 3.8 shows the graphical operation of droop control in two generators
G1 and G2. The graph shows the linear relation between the generator power P (when operating
alone) vs the output frequency ω. Each generator is evaluated and is assigned a droop curve. A
high-power generator would have small frequency variations for an increased load. This would
translate to a less steep curve, as evident in the Figure for generator G1 that has a higher output
power than G2. All the generation units are connected in parallel to a common AC bus. The AC bus
acts as a communication medium. All the generator units continuously monitor the frequency and
based on the measured frequency and the droop curve, the controller sets the reference frequency.
For example, the reference frequency for a fully loaded generator would be set higher than the
actual grid frequency. The generators are preprogrammed with droop control curves, as described











where fgain is the frequency gain, fset and fmeas is the set reference frequency and the measured
frequency. fdroop is the frequency droop for the given generator. frated is the rated frequency for
the system. Pmeas and Prated is the measured and rated power of the system. The voltage bias to









Figure 3.8: Frequency Droop Control for two Generator Units with different max power.
Droop control is a low-cost load sharing technique implemented using existing grid resources.
The load sharing between multiple generator units is achieved within each module by drooping the
output frequency as function of generator output power [18].
Generator units that convert mechanical energy into electrical energy have the inherent feature,
such that, the power drawn is proportional to the torque on the rotor. The torque, in turn, is
proportional to the rotation speed of the engine. Droop technique uses this feature to achieve load
sharing. This technique can only be implemented in grids where minor frequency variations among
different generator units are acceptable. Figure 3.8 shows the graphical operation of droop control
in two generators G1 and G2. The graph shows the linear relation between the generator power
P (when operating alone) vs the output frequency ÏL’. Each generator is evaluated and is assigned
a droop curve. A high-power generator would have small frequency variations for an increased
load. This would translate to a less steep curve, as evident in the Figure for generator G1 that has
a higher output power than G2. All the generation units are connected in parallel to a common AC
bus. The AC bus acts as a communication medium. All the generator units continuously monitor
the frequency and based on the measured frequency and the droop curve, the controller sets the
reference frequency. For example, the reference frequency for a fully loaded generator would be
set higher than the actual grid frequency. The generator would try to run at the reference speed but
due to the load and the linear relation between power and speed, the generator would run at the
22










where Vgain is the voltage gain, Vset and Vmeas is reference and measured voltage, respectively.
Vdroop is the amount of droop for a ge erator. The amount of droop in absolute terms would be
different for each generator based on the it’s output power. I terms of percentage the amou t of
dr op is usually same for each generator. Vrated is the rated voltage output of the generator. Qmeas
and Qrated is the measured and rated reactive power of the generator and the system, respectively.
Typically, large grids operate at a droop of around 5% [19]. As mentioned previously, a grid
contr lled using droop technique must be immune to small variations in the frequency. If the
generators are synchronized, small frequency variations are absorbed by the grid due to inertia of
the rotors. Droop load sharing technique is only applicable where the grid frequency variations
due to load changes are small [17].
Isochronous Load Share
Frequency droop control for load sharing among distributed generation units used the existing
electrical grid infrastructure as a communication medium. This approach reduces system cost as
no modifications to the infrastructure are needed. Other than the cost factor, droop control has
many downsides. It assumes the generators have a linear power to frequency relation. Secondly, it
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can only work with a slowly varying load. Thirdly, the grid must be able to tolerate slight errors
in the actual generator frequency. These above-mentioned factors play a major role in microgrids.
The generator size is small as compared to utility grid, thus the prime movers have less inertia.
This translates to a nonlinear relation between the generator output power and the frequency. Also,
a lower inertia means that any errors in the frequency cannot be overcome. This can greatly reduce
the power quality. Also, microgrids usually has deal with fast varying loads, thus droop control
might not work as intended. Microgrids are local installations, thus the cost of a communications
infrastructure for a centralized control of the microgrid would be low. In addition to this, there has
been a considerable decline in the cost of communications infrastructure, such as wireless mesh
networks, or other industry standard bus communication protocols such as CAN or I2C [20] [21].
In an isochronous load share is load sharing control technique the distributed generation units
continuously communicate with each other over a communication medium, sharing the grid load
information. The generation units send their current power output and receive the overall grid
power or load information. The isochronous controller then sets the generator to a set power
level proportional to the required grid power demand. This procedure is executed in each of the
generators, resulting in a proportional load sharing among all the generators. Thus, the generation
units would operate at the same voltage or frequency irrespective of the load [22].
Control blocks inject appropriate bias thus controlling the amount of load share to be assigned
based on the actual load information shared over the generator communications bus. The amount
of load share for each generator must be determined in advance. The load share is calculated using
the known maximum output power of each generator and the maximum load requirement of the

















lfac is the load factor. It is set in the outermost block parameters mask. Pavg is the average power
output of all the generators combined. Pmeas is the measured output power of the generator. Pgain
and fgain are the power and the frequency gain. These determines the gain for the bias controller.
fset and fmeas are the set reference frequency for the grid and the measured frequency of the
















Qavg andQmeas is the average reactive power and the measured reactive power, respectively. Vmeas
is the measured voltage. Qgain and Vgain is the gain value for the reactive power and the voltage.
Qrated is the rated reactive power for the whole system.
3.4.1 Generator Synchronization
An AC waveform consists of electric quantities that are time varying sinusoids. When multiple
generation sources are to be connected to power a single load, the sources are connected in parallel.
All the sources must be in phase when the generators are physically connected. Failure to do so
might lead to high fluctuating voltages and introduce damaging harmonics in the system, that can
cause machine damage etc. Synchronization is a process by which various generation units connect
to an AC grid.
A synchronization controller continuously monitors the main AC bus and the output of the
generation unit. The sync block measures the two inputs and computes the error. The errors are,
the magnitude, phase and frequency. The controller computes these errors and feeds them to three
separate PI regulators. The regulators inject control signals or bias to set the reference values for
the generator. The regulators would drive the errors to zero. When the errors are within a threshold,
the controller sends the command to close the breaker to connect the generator to the bus at which
point the synchronization controller for that generator is turned off and regular isochronous or
droop control takes over. In a system with inertial power sources such as synchronous generators
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powered by an engine or a turbine, small variations in the phase from different sources are absorbed
due to the inertia of the grid. Additional figures depicting generator with bias control blocks and




Photovoltaic (PV) cell is a semiconductor device that generates power from the electromagnetic
spectrum corresponding to the visible light. The photons in the visible spectrum have enough
energy to free electrons in the solar cell . The cell is fabricated using a semiconductor material,
such as silicon, that has been selectively doped to create a potential barrier [23]. The freed electrons
generated by the photons create a potential difference which is used to drive current through a
circuit. A solar cell is the building block of a solar or photovoltaic array.
t
tovoltaic Power System
Photovoltaic (P ) cell is a se iconductor device that generates po er fro the electro agnetic
spectru corresponding to the visible light. The photons in the visible spectru have enough
energy to free electrons in the solar cell . The cell is fabricated using a se iconductor aterial,
such as silicon, that has been selectively doped to create a potential barrier [23]. The freed electrons
generated by the photons create a potential difference hich is used to drive current through a








A PV cell is a photodiode that can be modelled using the equivalent circuit depicted in Fig-
ure 4.1 (neglecting temperature dependence). Neglecting parallel any resistance in parallel to the
current source, the total current output Ipv is
Ipv = Iph − Id (4.1)
Iph is the current generated in the solar cell when illuminated. The current through the diode
Id is modeled as
Id = I0(e
(Vpv+IpvRs)/VT − 1) (4.2)
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Figure 4.1: Equivalent circuit of a PV cell.
A PV cell is a photodiode that can be odelled using the equivalent circuit depicted in Fig-
ure 4.1 (neglecting te perature dependence). Neglecting parallel any resistance in parallel to the
current source, the total current output Ipv is
Ipv Iph Id (4.1)
Iph is the current generated in the solar cell when illu inated. The current through the diode




Where Vpv is the diode output voltage, I0 is the saturation current and VT is the diode thermal
voltage. The thermal voltage is a function of temperature. Rs is the internal series resistance of the
cell. Thus, total current, from equation 4.1, [24]
Ipv = Iph − I0(e(Vpv+IpvRs)/VT − 1) (4.3)
A typical single PV cell has a power output of a few watts, therefore, multiple PV cells are
combined in series and parallel to achieve required output voltage and power. Such an arrangement
of PV cells is called a photovoltaic panel.
The PV array simulation block implements an array of photovoltaic cells. The block allows
one to model preset PV modules from the National Renewable Energy Laboratory (NREL) System
Advisor Model (Jan. 2014) as well as custom defined PV modules [25]. The simulation block is
sourced from Simulink Simscape Power Systems, Specialized Technology Library [26].
Figure 4.2 shows the voltage-current characteristics of a PV panel for various solar irradiation
values. For a given solar radiation value, the output voltage is a function of the current drawn by
the load or vice versa. Total power output of the panel is thus a function of the load impedance.
The curve shows the open circuit voltage and the short circuit current on the right and left extrem-
ities of the curve, respectively. On the curve (a), one can notice that, for a given value of solar
radiation, there is a point on the curve that corresponds to maximum power output. For a load with
fixed impedance, the operating point lies somewhere on the curve, that might not correspond the
maximum operating point. As the solar radiation fluctuates, the operating point would shift. This
leads to a suboptimal solar output if the load impedance is constant.
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Figure 4.2: Typical voltage current curves for various solar irradiance values.
Changes in solar radiation occur due to sun’s movement, any cloud activity or weather event
which affects the total solar radiation received by the panel.
4.1 Maximum Power Point Tracking
To extract maximum power output from the PV panel, the voltage and output current of the
panel must be controlled. In Figure 4.2, one can notice that, for a given radiation value, the
extremities on the graph shows minimum output power. The panel has maximum output power at
the knee of the curve, shown as a pink circle. Thus, a controlling device becomes essential that
can vary the impedance seen by the PV panel to extract maximum power. This can be achieved by
varying the voltage or current drawn from the panel. Such a controller is called a maximum power
point tracker, and the underlying technique is called a maximum power point tracking (MPPT)
[27].
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A popular MPPT technique is called hill climbing or perturb and observe. The perturb and
observer algorithm can be summarized as, a change or perturbation of operating voltage of the PV
panel would induce a change in the output power, the resulting change in the output power gives
the direction of the maximum power point [21]. The MPPT controller controls the duty cycle of a
DC/DC converter which will change the current drawn and hence the effective impedance seen by
the PV panel.
The algorithm is also called hill climb as the perturbation, if in the direction of maximum power
point, is analogous to climbing a hill. The MPPT controller reads the voltage and current from the
PV panel. In every execution cycle the controller computes the time rate change of power and
voltage. It then checks if the rate of change is negative or positive. For a positive rate of change of
power, the controller compares the instantaneous rate of change of voltage. For a positive change,
it increases the duty cycle, and vice versa. The opposite happens in the case of a negative rate of
change in the power. The step size of the duty cycle is fixed and is determined empirically. A large
step size would make the controller responsive but can lead to unstable behavior. A small step size
would make the controller sluggish. Modified algorithms have been proposed that use an adaptive
or variable step size, and have shown to have improved performance over a fixed step size [28].
The code for the algorithm is described in Appendix A. When the controller reaches the maximum
power, it oscillates around that point.
DC-DC converter can be selected based on the requirements of the solar energy harvesting
system. The library implements a boost converter. Figure 4.3 shows the schematic of a boost
converter.
A boost converter is a switched mode converter that produces DC voltage greater that the input
voltage. The main components of a boost converter are, an inductor on the input side, a fully
controllable switch in parallel. The switch is a semiconductor switch, such as a MOSFET. Diode
D1 acts as a unidirectional switch. A capacitor is added at the output stage to filter out the ripple
and smoothen the output.
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The algorithm is also called hill climb as the perturbation, if in the direction of maximum power
point, is analogous to climbing a hill. The MPPT controller reads the voltage and current from the
PV panel. In every execution cycle the controller computes the time rate change of power and
voltage. It then checks if the rate of change is negative or positive. For a positive rate of change of
power, the controller compares the instantaneous rate of change of voltage. For a positive change,
it increases the duty cycle, and vice versa. The opposite happens in the case of a negative rate of
change in the power. The step size of the duty cycle is fixed and is determined empirically. A
large step size would make the controller responsive but can lead to unstable behavior. A small
step size would make the controller sluggish. Modified algorithms have been proposed that use
an adaptive or variable step size, and have shown to have improved performance over a fixed step
size [29].The code for the algorithm is described in Appendix A. When the controller reaches the
maximum power, it oscillates around that point.
DC-DC converter can be selected based on the requirements of the solar energy harvesting
system. The library implements a boost converter. Figure 4.3 shows the circuit diagram of a boost
converter.
A boost converter is a switched mode converter that produces DC voltage greater that the input
voltage. Figure 4.3 shows the schematic of a boost converter. The main components of a boost
converter are, an inductor on the input side, a fully controllable switch in parallel. The switch is a
semiconductor switch, such as a MOSFET. A diodeD1 acts as a unidirectional switch. A capacitor














Figure 4.3: Boost converter.
A boost circuit can be analyzed using the small ripple approximation [29]. The switch S1 is
driven by a controller that feeds a square wave of frequency f and duty cycle D. The converter
operates in two states, state one when the switch S1 is closed and state two, when the switch is
open. In state one, the input voltage Vin equals the voltage drop across the inductor.
VL = Vin (4.4)
Given the time period of the square wave is Ts, total time the converter is in state one is, DTs,
where D is the duty cycle.
In state 2, the switch is open, thus the current flows through the diode D1. This results in the
voltage across the inductor and the input voltage to be in series. Inductor voltage in state two is
VL = Vin − Vout (4.5)
The converter is in state two for (1−D)Ts seconds. Total volt-seconds applied to the inductor
over one switching interval are
∫ Ts
0
VLdt = (Vin)DTs + (Vin − Vout)(1−D)Ts (4.6)






which gives voltage boost since 0 < D < 1.
The MPPT controller varies the output voltage by controlling the duty cycle thereby controlling
the output power. The boost converter implemented in the library is an average characteristics
model that does not simulate the switching devices. The switching devices are replaced by voltage
and current sources. Different power electronic component modeling techniques are described in
section 7.2.1.
Figure 4.4 shows the Simulink implementation of the PV module, MPPT controller and the
DC-DC converter. Simulation setup is derived from Examples for Simulink Simscape Power Sys-
tems, Specialized Technology. The DC-DC converter is an average characteristics single quadrant
boost converter model sourced from Sim Power Systems, IREQ, Power Electronics Library [30].
The following section illustrates the working of an MPPT controller by comparing a PV panel
controlled by an MPPT controller and the other connected to a constant load without an MPPT
controller.
Figure 4.4 shows the SimulinkTM implementation of the PV module, PPT controller and the
DC-DC converter. Simulation setup is derived from Examples for Simulink Simscape Power Sys-
tems, Specialized Technology. The DC-DC converter is an average characteristics single quadrant
boost converter model sourced from Sim Power Systems, IREQ, Power Electronics Library [31].
The following section illustrates the working of an PPT controller by comparing a PV panel















































To illustrate the working of the MPPT controller, the PV panel in the two setups is irradiated
with similar solar radiation profile shown in Figure 4.5a. Referring to Figure 4.2, the maximum
power point, for solar irradiation of 1000 w/m2, occurs at a voltage of 273 V . Maximum power at
this point is 1.007× 105 W. The corresponding impedance for maximum power is 0.74 Ω.
In the first setup, the PV panel is connected to a DC/DC boost converter controller by an MPPT
controller. The controller is connected to a load with an impedance of 100 Ω. In the other setup, the
PV panel is connected to a load with an impedance of 0.74 Ω. This corresponds to the maximum
power point.
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Figure 4.4: PV panel block with an MPPT controller simulation in Simulink.
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To illustrate the working of the MPPT controller, the PV panel in the two setups is irradiated
with similar solar radiation profile shown in Figure 4.5a. Referring to Figure 4.2, the maximum
power point, for solar irradiation of 1000 w/m2, occurs at a voltage of 273 V. Maximum power at
this point is 1.007 × 105 W. The corresponding impedance for maximum power is 0.74 Ω
In the first setup, the PV panel is connected to a DC/DC boost converter controlled by an MPPT
controller. The controller is connected to a load with an impedance of 100 Ω. In the other setup, the
PV panel is connected to a load with an impedance of 0.74 Ω. This corresponds to the maximum
power point for irradiation of 1000 w/m2.
Figure 4.5b shows the power output from a PV panel, with and without an MPPT controller.
For solar radiation value less than 1000 w/m2, the MPPT controlled PV panel shows a higher power
output than the constant impedance load. This illustrates that at suboptimal load, the MPPT con-
troller adjusts the duty cycle, extracting maximum power from the panel. The constant impedance
load is optimized to represent maximum power output at maximum irradiance. This is evident
from the power output for solar irradiance levels of 1000 w/m2. The MPPT controller adjusts the
panel output to match it with the power output for the optimal load impedance.
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Figure 4.5b shows the power output from a PV panel, with and without an MPPT controller.
For solar radiation value less than 1000 w/m2, the MPPT controlled PV panel shows a higher power
output than the constant impedance load. This illustrates that at suboptimal load, the MPPT con-
troller adjusts the duty cycle, extracting maximum power from the panel. The constant impedance
load is optimized to represent maximum power output at maximum irradiance. This is evident
from the adjusts the
panel output






































(b) Power output from two similar solar panels, with and without an MPPT controller
Figure 4.5: PV output with and without an MPPT controller
Figure 4.6 shows the plot of output power vs panel voltage for a solar panel controlled using
an MPPT controller. The power output is superimposed on the power curves corresponding to
various solar irradiance values. Maximum power for a given solar irradiance occurs at the tip of
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(a) Solar irradiance profile.
Figure 4.5b shows the power output from a PV panel, with and without an MPPT controller.
For solar radiation value less than 1000 w/m2, the MPPT controlled PV panel shows a higher power
output than the constant impedance load. This illustrates that at suboptimal load, the MPPT con-
troller adjusts the duty cycle, extracting maximum power from the panel. The constant impedance
load is optimized to represent maximum power output at maximum irradiance. This is evident
from the power output for solar irradiance levels of 1000 w/m2. The MPPT controller adjusts the






































Figure 4.6 shows the plot of output power vs panel voltage for a solar panel controlled using
an MPPT controller. The power output is superimposed on the power curves corresponding to
various solar irradiance values. Maximum power for a given solar irradiance occurs at the tip of
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(b) Power output from two similar solar panels, with and without an MPPT controller.
Figure 4.5: Power output with and without MPPT controller.
Figure 4.6 shows the plot of output power vs panel voltage for a solar panel controlled using
an MPPT controller. The power output is superimposed on the power curves corresponding to
various solar irradiance values. Maximum power for a given solar irradiance occurs at the tip of
the curve. Notice that the MPPT controller tracks the maximum power resulting from changes in
the irradiance. This is shows up as a zigzag tracking curve that follows the tips of the power curves.
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the curve. Notice that the MPPT controller tracks the maximum power resulting from changes in
the irradiance. This is shows up as a zigzag curve that follows the tips of the curves.
































Grids relying on renewable sources of energy such as wind and photovoltaics require some form
of energy buffer. The energy buffer helps to overcome fluctuations in the power output from these
sources. The buffer, thus, stabilizes the output to provide a consistent power. Battery banks have
been successfully employed in large grids to meet power demands in peak hours. Battery banks
are not widely employed because of high investment cost and the issue of economic feasibility.
One important characteristic of the battery is that, it is an instantaneous energy source. Energy
can be stored in the battery during the charge cycle, when the load demand is low. This stored
energy can then be harnessed when needed during high demand. This property of the battery is
utilized in microgrids. It acts as an on demand energy source to provide the much necessary power
to overcome transients.
There are numerous battery storage technologies currently in use. Battery technology refers
to the underlying chemistry of the battery and the material composition. Until the recent past,
the preferable choice of battery technology has been the lead acid battery. It has a fairly constant
voltage operation, and is economical. Another battery type that has been gaining a lot of momen-
tum is the lithium-ion battery. Li-ion batteries has the largest energy density and close to 100%
storage efficiency compared to all the other commercial battery types [31]. Increasing demand
and improvement in manufacturing techniques has lead to decrease in the price and an increase
in the energy density. Thus, Li-ion batteries make an ideal choice to act as an energy buffer in a
microgrid.
The next sections describe the battery model, the charge sequence for a lithium ion battery and
the battery controller, respectively.
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5.1 Battery Model
The Simscape Power Systems, Specialized Technology library has a battery model that can
simulate various types of batteries [32]. Battery discharge is modeled using
fdischarge(it, i




Q− it .it+ A.r
−Bit (5.1)
where E0 is the constant voltage, K is polarization constant (units in Ah−1), i∗ is low frequency
current dynamics (units in A), i is the battery current, it is the extracted capacity (units in Ah or
C), Q is maximum battery capacity (in Ah), A is exponential voltage, and B is the exponential
capacity. Battery charging is modeled using the following equation
fcharge(it, i




Q− it .it+ A.r
−Bit (5.2)
Nominal voltage is defined in terms of the discharge characteristics. Discharge characteristics
of a battery are evaluated by discharging the battery at constant current. Nominal voltage is the
battery voltage at the end of the linear voltage response when discharging at constant current. Fig-
ure 5.1 shows the discharge curves for a lithium-ion battery at various discharge currents, obtained
using plotting function in the battery model. Battery specifications are listed below.
Table 5.1: Li-ion battery specifications.
Specifications Details
Battery Capacity 2.3 Ah
Nominal Voltage 3.22 Ah
Fully Charged Voltage 3.7 V
Internal Resistance 10mΩ
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E0 = 3.4916, R = 0.014, K = 0.010489, A = 0.2704, B = 26.5487
1 A
5.2 Battery controller
A lithium-ion battery has stringent charge requirements. Failing to meet these might result
in permanent damage to the battery [34]. This necessitates that a battery be connected to the
application circuit via a battery controller.
5.2.1 Lithium-ion Charging Algorithm
Figure 5.2 shows the typical charging sequence in a lithium ion battery [35]. The charging
sequence starts with the charger acting as a constant current source. In constant current mode, there
is an increase in battery voltage and state of charge. The controller constantly monitors the terminal
voltage and when it reaches a reference value, the controller switches from constant current mode
to constant voltage mode. The reference value is determined from the battery datasheet and it
corresponds to battery voltage at full charge.
In constant voltage mode, the battery terminal voltage is held at a constant value. This results
in decreasing battery current. Lithium-ion batteries are sensitive to overcharging. The battery
charging is terminated when the state of charge is 100%.
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Figure 5.1: Discharge curve for the battery.
5.2 attery Controller
A lithiu -ion battery has stringent charge require ents. Failing to eet these ight result
in per anent da age to the battery [33]. This necessitates that a battery be connected to the
application circuit via a battery controller.
5.2.1 ithiu -ion Battery Charging Algorithm
Figure 5.2 shows the typical charging sequence in a lithiu ion battery [34]. The charging
sequence starts with the charger acting as a constant current source. In constant current ode, there
is an increase in battery voltage and state of charge. The controller constantly onitors the ter inal
voltage and when it reaches a reference value, the controller switches fro constant current ode
to constant voltage ode. The reference value is deter ined fro the battery datasheet and it
corresponds to battery voltage at full charge. In constant voltage mode, the battery terminal voltage
is held at a constant value. This results in decreasing battery current. Lithium-ion batteries are
sensitive to overcharging. To prevent overcharging, the controller monitors the battery state of
charge and the charging is terminated when the state of charge reaches 100%.
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5.2.2
Figure 5.3 shows Simulink implementation of the battery controller. The controller consists
of a battery controller block that contains the control system and a controller function block. The
controller function block is responsible for selecting the appropriate controller operation mode.
The controller commands a control output ’D’ (Duty cycle) that controls a buck-boost (two quad-
rant DC/DC) converter. The converter block is sourced from Simulink Simscape Power Systems,
Specialized Technology Library. The two-quadrant DC/DC converter is setup in current control
mode. During the charge sequence, the controller monitors the battery SOC and switches from
constant current mode to constant voltage mode when the measured SOC exceeds the reference.
Figure 5.4 shows the battery controller block. The two quadrant DC/DC converter is setup in
current control mode. Based on the selected mode of operation, the controller generates a reference
current that is fed to the current regulator. The controller mask allows user to setup the controller
in constant voltage mode or constant current mode.
In constant voltage mode, the battery controller acts as a constant voltage source when dis-
charging. During the charge cycle the controller operates in the charging cycle described in Sub-
section 5.2.1. During the charge cycle, the controller transitions from constant current mode to
constant voltage mode. This transition is implemented by a selector switch that selects the ap-
propriate reference current value ‘Iref’. Control structures that implement such switching suffer
from abrupt change in the control output, that shows up as a bump in the controller output. The
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Figure 5.2: Lithium-ion battery charging sequence.
5.2.2 Battery Controller Implementation in Simulink
Figure 5.3 sh ws Simulink implementation of the battery contr lle . The controller onsists
of a battery controller block that contains the control system and a controller function block. The
controlle functi n block is resp nsible for selecting the appropriate controller operation mode.
The controller commands a control output ‘D’ (D ty cycle) that controls a buck-bo st (two quad-
rant DC/DC) converter. The converter bl ck is sourced from Simulink Simscape Power Systems,
Specialized Tec nology Library. The two-quadrant DC/DC converter is setup in current control
mode. The battery controller block lets user sel ct way t e battery acts, either as a constant voltage
source o constant current source.
Figure 5.4 sh ws the battery controll r block. The two quadrant DC/DC converter is setup in
t control mode. Based o th selected mode of p ation, the controller generates a refe ence
curre t that is fed to the cu rent regulato .
t t lta e sourc mode, the battery controller acts as a constant voltage sourc when
dischar ing. During the charge cycle, the c ntroller charges the battery using th charging cycle
d scribed in Subsection 5.2.1. The charging algorithm states that the controller should transition
from constant current mode to co tant voltage mode, when the battery terminal voltage exce ds a
set refer nce value. This transition is implemented by a selector switch that selects the appropriate



























































controller output. This results in the controller integrator value to saturate or deviate resulting in a
different control output. Such a scenario is avoided by implementing a bumpless transfer of con-
trol implemented by tracking the output [36]. Tracking is implemented in the ‘Voltage Regulator
Charging’ block shown as an input port ‘TR’.
In constant voltage mode, the user has the option of implementing a custom current controller
that feeds directly into the current regulator. Sign of the reference current determines the direction
of current flow.
The battery controller was verified on an A123 lithium-ion battery model. Battery specifica-
tions were described in Table 5.1.
Figure 5.5 shows the battery voltage during the charge cycle. The battery is charged in the
constant current mode at the rate of 1 C. Notice the increase in the battery voltage as the charging
progresses. When the battery voltage reaches the fully charged voltage, the controller switches
from constant current mode to constant voltage mode. This results in a flat curve resulting from
constant voltage as the SOC increases.
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Figure 5.3: Battery controller with converter Simulink implementation.
change in the control output, that shows up as a bump in the controller output. The reason for this
abrupt change is because the controller that takes over the control is not tracking the controller
output. This results in the controller integrator value to saturate or deviate resulting in a different
control output. Such a scenario is avoided by implementing a bumpless transfer of control imple-
mented by tracking the output [22]. Tracking is implemented in the ‘Voltage Regulator Charging
’block shown as an input port ‘TR’.
As a constant current source, the user has the option of implementing a custom current con-
troller that sets the reference current. Sign of the reference current determines the battery charge or


































































Figure 5.5: Battery voltage vs SOC during charge cycle
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Figure 5.4: Battery controllers.
Figure 5.5: Battery controller GUI with the parameters mask.
The battery controller was verified on an A123 lithium-ion battery model. Battery specifica-
tions were described in Table 5.1. Figure 5.6 shows the battery voltage during the charge cycle.
The battery is charged in the constant current mode at the rate of 1 C. Notice the increase in the
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battery voltage as the charging progresses. When the battery voltage reaches the fully charged
voltage, the controller switches from constant current mode to constant voltage mode. This results
in a flat curve as the voltage is held constant. The battery continues to draw current and the state

































































Figure 5.6: Battery voltage vs SOC during charge cycle.
The State of Charge (SOC) of the battery is an important measurement. It determines the actual
capacity of the battery. In a physical system, one does not have the information about the internal
chemistry of the battery. Thus, the state of charge must be determined from measurable quantities,
such as, instantaneous voltage, current etc. Various techniques have been proposed and developed
to determine actual state of charge [35] [36] [27]. The battery simulation model in the Sim Power




Microgrids are designed so that they can be deployed to work with existing electrical infras-
tructure. Modern electrical infrastructure and electrical appliances are built around the AC grid.
PV and battery sources as described in previous sections are DC power sources. Thus, a DC to
AC converter becomes an essential component of a microgrid. Microgrid topology like the one
described in Chapter 2, section 2.1, require a unidirectional power flow, while some microgrid
topologies, like the one described in section 2.2, require a bidirectional power flow. Thus, a con-
verter topology that fulfills the above criteria is the three-phase bridge converter.
The library is targeted towards research into microgrids, thus, the user must have the flexibility
to implement different types of configurations. Keeping this in mind, the library was developed so
as accommodate different types of implementations that a researcher might encounter. The chapter
describes the reference frame theory, three-phase bridge converter and the bridge converter control
techniques, respectively.
6.1 Reference frame theory and direct quadrature zero trans-
formation
In a three-phase system, the electrical quantities are sinusoids that are functions of rotor posi-
tion. Thus, these quantities continuously vary with time, making their analysis difficult. A change
of variables can be used to reduce the complexity. This change of variables is a transformation
of quantities from one reference frame to other. By selecting appropriate reference frame, one
can eliminate all the rotor position-dependent quantities and replace them with equivalent DC type
quantities. This type of transformation greatly simplifies the analysis and control of three phase
systems.
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Figure 6.1: ABC to dq0 transformation
One of the widely used transform is the direct-quadrature-zero or 'dq0'transformation. Fig-
ure 6.1 shows the ABC axis along with the dq0 axis. The dq0 transform is the product of the Clark
transform and the Park transform [40]. The Clark transforms converts the ABC vectors to the XYZ
reference frame (also called the αβ0 ). The ABC vectors can represent any electrical quantity viz.

























The advantage of this transformation is that the three sinusoids are reduced to a single non
zero value. The y and the z axis are reduced to zero, thus simplifying the calculations. In next
sections it will be described how the dq0 transform can be used to simplify calculations relating
the real and the reactive power in three-phase AC systems. This is a power variant form because
the transformation matrix is not unitary. In this transformation, the q axis leads the d axis as shown
in Figure 6.1.
The Clark transform converts the ABC vectors, but because the vectors are a function of the
rotor position, they still vary with time. To convert the time varying quantities to DC type values,
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Figure 6.1: ABC to dq0 transformation.
One of the widely used transform is the direct-quadrature-zero or ‘dq0’transformation. Figure
6.1 shows the ABC axis along with the dq0 axis. The dq0 transform is the product of the Clark
transform and the Park transform [37]. The Clark transforms converts the ABC vectors to the XYZ
reference frame (also called the αβ0). The ABC vectors can represent any electrical quantity viz.

























The advantage of this transformation is that the three sinusoids are reduced to a single non zero
value. The y and the z axis are reduced to zero, thus simplifying the calculations. This is a power
variant form because the transformation matrix is not unitary. In this transformation, the q axis
leads the d axis as shown in Figure 6.1.
The Clark transform converts the ABC vectors to XYZ, but because the vectors are a function
of the rotor position, they still vary with time. To convert the time varying quantities to DC type
values, one needs to rotate the XYZ frame at the angular velocity of the rotor. The angle of rotation
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of the frame θ, is replaced by the product of angular velocity of the rotor and the instantaneous










The dq0 transform is a Clark transformed reference frame rotating at an arbitrary angular ve-
locity. The dq0 transformation matrix is:





cos(ωt) cos(ωt− 2π/3) cos(ωt+ 2π/3)





where ω is the angular frequency of the rotor or the frequency of the AC grid, and t is the instan-
taneous time. The AC quantities are computed in the reference frame rotating at the instantaneous
voltage angular frequency, ω. This eliminates all the time varying quantities, thus transforming
them into equivalent DC values. In Simulink, the dq0 transform is implemented using the dq0
transform block [38].
dq0 transform simplifies the measurement of reactive power in the system. To measure the
reactive power, hence, the relative phase shift between the voltage and current, the currents in the
three phases are computed in the same rotating reference frame as the voltages. The relative phase
shift, that corresponds to reactive power in the system, shows up as a non-zero value for the q
component. This property is exploited in converter control and is described in detail in section 6.3.
6.2 Three-phase Bridge Converter
A three-phase two level bridge converter consists of six semiconductor devices. These semi-
conductor devices can be bipolar junction transistors (BJT), insulated bipolar junction transistors
(IGBT), metal oxide semiconductor field effect transistor (MOSFET), or any other force com-
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mutated semiconductor switch. IGBT and MOSFET are widely used in high power converters
because of their superior electrical characteristics. Figure 6.2 shows the schematic diagram of a
three-phase bridge converter.
(IGBT), metal oxide semiconductor field effect transistor (MOSFET), or any other force com-
mutated semiconductor switch. IGBT and MOSFET are widely used in high power converters









Figure 6.2: Three-phase bridge converter
Each switch has a blocking diode connected in parallel. A diode is a unidirectional line-
commutated semiconductor device that only conducts electricity in one direction. The switches
are only operated in the saturation or cut-off region to minimize power losses due to heating. [15]
Three-phase bridge converters are force commutated converters that require external control of the
semiconductor switches. The six switches are fired in a specific sequence with varying lengths of
the rectangular switching pulses. This type of waveform generation is called pulse width mod-
ulation. A popular voltage source PWM technique to control a three-phase bridge rectifier is
space-vector modulation. It is characterized by low frequency harmonic content in the output AC
waveform [15].
Simulink allows users to simulate power electronics devices using different simulation tech-
niques. These simulation techniques are described in Subsection 7.2.1. Simulations and control
tools are modeled using average characteristics models that do not model switching waveforms
and harmonics.
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Figure 6.2: Three-phase bridge converter.
Each switch has a blocking diode connected in parallel. A diode is a unidirectional line com-
mutated semiconductor device that only conducts electricity in one direction. The switches are
only operated in the saturation or cut-off region to minimize power losses due to heating [15].
Three-phase bridge converters are force commutated converters that require external control of the
semiconductor switches. The six switches are fired in a specific sequence with varying lengths of
the rectangular switching pulses. This type of waveform generation is called pulse width modu-
lation. Popular pulse width modulation techniques for bridge converters are, carrier based pulse
width modulation and space vector pulse width modulation.
Simulink allows users to simulate power electronics devices using different simulation tech-
niques. These simulation techniques are described in Subsection 7.2.1. Simulations and control
tools are modeled using average characteristics models that do not model switching waveforms
and harmonics.
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The next three sections describe the implementation of a three-phase bridge converter as an
AC to DC converter and as a DC to AC converter. The sections describe the underlying control
technique and then describe the library implementation of the same. Staying true to the objec-
tives of the library, the implementation of the control algorithms is highly flexible. The projected
implementation of the controller is, to use the bridge converter as a universal converter. Thus,
a supervisory controller must have the ability to switch the control algorithm, and therefore the
direction of flow of power.
6.3 Three-phase bridge converter as a PWM Rectifier
A rectifier or an AC to DC converter is a device that converts AC power to DC power. The
simplest three phase rectifier comprises of six diodes arranged as shown in Figure 6.2 (neglecting
the semiconductor switches). The diodes are line-commutated devices that does not require exter-
nal control for their operation. The turn-off conditions are determined by the voltages of the AC
supply line. Such a rectifier is an uncontrolled rectifier because one does not have control over the
output voltage or the quality of the output power.
A Force commutated rectifier is a three-phase bridge converter that is built using a bridge
converter constructed using force commutated semiconductor switches. Force commutated recti-
fiers are also called PWM rectifiers. These are of two types, current-type and voltage-type PWM
rectifiers. The library implements a voltage type rectifier because of its superior dc output char-
acteristics [39]. The library uses the average characteristics model based three-phase two-level
power converter, sourced from the Sim Power Systems, Power Electronics Library [40]. There are
various PWM rectifier control techniques. These can be broadly categorized into: rectifier control
in stationary reference frame and control in a rotating reference frame. In a stationary reference
frame, the instantaneous electrical quantities such as the voltage, current, magnetic flux, etc are
sinusoids. A sinusoidal control has a poor transient response and is prone to steady state errors.
Contrary to this, sinusoids in a rotating reference frame are transformed into DC quantities making
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the control simpler. Thus, rectifier control is implemented in a rotating reference frame has better
steady state and transient performance than in stationary reference frame [41].
There are various control techniques for control of rectifiers in a rotating reference frame [45].
The library implements the voltage oriented control (VOC) technique. The voltage oriented control
is based on the unity power factor condition.
6.3.1 Unity power factor condition
In an AC power system, complex power ~S is defined as
~S = ~P + i ~Q (6.4)
where ~P is the active or real power and ~Q is the reactive or imaginary power. Power factor
is defined as the ratio between real power and complex power, or the cosine of the angle between
voltage and current. Power factor gives a measure of the amount of reactive power in the system. A
purely reactive system would have a power factor of zero, and a purely active system with resistive
elements would have a power factor of unity.




Figure 6.3 shows the dq0 transformation for a three phase AC system in the rotating reference
frame. The dq0 transformation for the voltages has a nonzero d component Vd, and a zero q
component Vq. The dq0 transformation for the AC current is performed in the voltage reference
frame. Thus, any reactive components in the circuit will lead to a phase difference in the voltage
and current. This phase difference shows up as a non-zero q component in the dq0 transformation









Figure 6.3: Voltage and current axis in dq0 reference frame.
phase bridge converters [42]. The controller forces the Iq = 0, thus ensuring real power is drawn
on the AC side.
6.3.2 Rectifier control
A rectifier can be visualized as a resistive element in the AC grid that absorbs real power,
i.e. the d axis is constant and negative, whereas the q axis is set to zero. Figure 6.4 shows the
control schematic for a constant voltage three-phase bridge rectifier. Measured AC current Iabc is
transformed into dq0 axis rotating in the voltage reference frame. The measured Id and Iq are fed
to the respective controllers.
The bottom section shows the controller for the d axis. As a constant voltage source, the
voltage controller compares the measured DC voltage with the reference DC voltage. Notice that
the feedback is setup so that the controller output is negative. The controller output acts as a
reference to the Id controller. Negative d axis ensures the bridge converter acts as a rectifier,
pulling or absorbing real power. Output from the d axis controller generates the control output U∗d
that is fed to a dq0 to abc reference frame transformation block.
For the control of q-axis, the reference Iqref is set equal to zero. The error is fed to a PI
regulator that generates a control output, U∗q . The dq0 to abc transformation block transforms the
dq control signals into the abc reference frame, shown as Uref . SimulinkTM implementation of the
controller is shown in Figure 6.9.
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Figure 6.3: Voltage and current axis in dq0 reference frame.
In a unity power factor condition, φ = 0. This condition can only be met if the Iq component
equals zero thus aligning the two vectors, I ′ and V ′. This technique is used in the control of three-
phase bridge converters [39]. The controller forces the Iq = 0, thus ensuring real power is drawn
on the AC side.
6.3.2 Rectifier Control
A rectifier can be visualized as a resistive element in the AC grid that absorbs real power,
i.e. the d axis is constant and negative, whereas the q axis is set to zero. Figure 6.4 shows the
control schematic for a constant voltage three-phase bridge rectifier. Measured AC current Iabc is
transformed into dq0 axis rotating in the voltage reference frame. The measured Id and Iq are fed
to the respective controllers.
The bottom section shows the controller for the d axis. As a constant voltage source, the
voltage controller compares the measured DC voltage with the reference DC voltage. Notice that
the feedback is setup so that the controller output is negative. The controller output acts as a
reference to the Id controller. Negative d axis ensures the bridge converter acts as a rectifier,
pulling or absorbing real power. Output from the d axis controller generates the control output U∗d
that is fed to a dq0 to abc reference frame transformation block.
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For the control of q-axis, the reference Iqref is set equal to zero. The error is fed to a PI regulator
that generates a control output, U∗q . The dq0 to abc transformation block transforms the dq control
signals into the abc reference frame, shown as Uref . Simulink implementation of the controller is

































Figure 6.4: Control Structure for a PWM rectifier (Constant Voltage Source)




(a) DC Voltage Output
Vdc(ref)
<Vdc>






(c) AC Id component
Id(p.u.)
Id(ref)




(b) DC Current Output
Idc
Idc(ref)
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(d) AC Iq Component
Iq(p.u.)
Iq(ref)
Figure 6.5: Rectifier Output Voltage and Id, Iq axis controller output
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Figure 6.4: Control Structure for a P rectifier (Constant Voltage Source).
Figure 6.5 shows measurement from the simulation of a rectifier setup as in constant voltage
output mode. The system setup is as follows: AC Line-Line VRMS = 260V, Rectifier output
voltage reference = 500V, DC Load impedance = 20 Ohms. Figure 6.5.(a) shows the DC reference
voltage and the measured output voltage. The rectifier control reaches the desired reference value.
Figure 6.5 (c) and (d) shows the measured d and q axis for the current. Notice in Figure 6.5(c),
the reference for the d axis is set as a negative value. This corresponds to the converter acting as
a rectifier, pulling power out from the AC grid. The measured value settles to a steady state in






































(a) DC Voltage Output
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<Vdc>






(c) AC Id component
Id(p.u.)
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(b) DC Current Output
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Figure 6.5: Rectifier Output Voltage and Id, Iq axis controller output.
zero. The measured value reaches the reference steady state thus satisfying the unity power factor
condition.
6.4 Three-phase bridge converter as a grid forming inverter
A grid forming inverter is employed in microgrid topologies where the inverter acts as the
frequency master [11]. In the microgrid topology depicted in Figure 2.1, all the sources feed
power into the DC bus. Thus, the inverter acts as the primary AC power source.
In the utility grid, a prime mover such as, a gas turbine is the source of mechanical energy. The
mechanical energy from the rotating shaft, connected to a generator, generates the AC power. That
rotation of the armature is the source of AC frequency. In an isolated grid, the power is derived
from DC sources, thus an inverter must synthesis its own frequency. A clock source in the inverter
controller generates the required reference frequency.
51
6.4.1 Inverter Control
For a grid forming inverter, there are two major control objectives. First one is to maintain
the output AC voltage at the desired reference value. Second objective is to maintain the grid
frequency. A controller in the stationary reference frame would view the inverter output as si-
nusoids. PI controllers are known to have poor steady state performance for sinusoidal signals.
Therefore, the controller is implemented in a rotating reference frame, transforming the sinusoids
into equivalent DC values. The AC output is transformed into the dq0 reference frame.
An inverter can be visualized as a power source that injects real power into the system. In the
dq0 reference frame, the d axis for an AC voltage is a positive value, and the q axis is zero.
Figure 6.6 shows the controller schematic for a grid forming inverter. All the values are in p.u.
system. A clock source generates the reference grid frequency signal. The reference frequency is
shown as an input to the dq0 to abc transformation block. The reference signal is inverse Park
transformed to abc reference frame. The generated reference output is fed to a Space Vector
Modulator that triggers the semiconductor devices in the bridge converter.
Therefore, the controller is implemented in a rotating reference frame, transforming the sinusoids
into equivalent DC values. The AC output is transformed into the dq0 reference frame.
An inverter can be visualized as a power source that injects real power into the system. In the
dq0 reference frame, the d axis for an AC voltage is a positive value, and the q axis is zero.
Figure 6.6 shows the controller schematic for a grid forming inverter. All the values are in p.u.





















Measured voltage is park transformed into the dq0 reference frame. The feedback is compared with
reference, setting Vd = 1 and Vq = 0. The error is fed to a PI regulator that generates the control
output U∗d and U
∗
q .
Figure 6.7 shows the measured outputs from a three-phase grid forming inverter. The AC
frequency reference is set at 60 Hz. AC output voltage reference (Line-Line VRMS) is set at 260V.
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Figure 6.6: Control system structure for a grid forming inverter.
To maintain the grid voltage, the controller measures the AC output voltage, shown on the right.
easured voltage is park transfor ed into the dq0 reference fra e. The feedback is co pared with
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reference, setting Vd = 1 and Vq = 0. The error is fed to a PI regulator that generates the control
output U∗d and U
∗
q .
Figure 6.7 shows the measured outputs from a three-phase grid forming inverter. The AC








































A grid forming inverter, as described in previous section, acts as the frequency master in an
AC grid. Grid topologies, like the one described in section 2.2, have inertial power sources con-
nected in parallel to the AC grid. In such topologies, it is more economical to setup a generator
as the grid frequency master. Synchronization of inertial power sources such as generators require
synchronization controller. Such controllers increase the upfront cost and add complexity to the
system. Therefore, an inertial power source is setup as the frequency master and other sources act
as grid frequency follower that are in phase with the master. An inverter setup in this configuration
is known as a grid following or grid supporting inverter [46]. The grid frequency master can be a
stiff AC grid such as the utility grid, or it might be an AC synchronous generator or another inverter
that acts as a grid forming inverter.
6.5.1 Inverter Control
The controller is implemented in the rotating dq0 reference frame of the grid voltage. An AC
power source can be visualized as a resistive element that injects real power into the AC grid. For a
power source the d axis is a positive value. To ensure that the injected power is real, the controller
ensures that the q axis is force to zero, ensuring the power factor is unity. Figure 6.8 shows the
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Figure 6.7: Grid forming inverter output measurements.
6.5 Three-phase bridge converter as a Grid Following / Grid
Supporting Inverter
A grid forming inverter, as described in previous section, acts as the frequency master in an
AC grid. Grid topologies, like the one described in section 2.2, have inertial power sources con-
nected in parallel to the AC grid. In such topologies, it is more economical to setup a generator
as the grid frequency master. Synchronization of inertial power sources such as generators require
synchronization controller. Such controllers increase the upfront cost and add complexity to the
system. Therefore, an inertial power source is setup as the frequency master and other sources act
as grid frequency follower that are in phase with the master. An inverter setup in this configuration
is known as a grid following or grid supporting inverter [42]. The grid frequency master can be a
stiff AC grid such as the utility grid, or it might be an AC synchronous generator or another inverter
that acts as a grid forming inverter.
53
6.5.1 Inverter Control
The controller is implemented in the rotating dq0 reference frame of the grid voltage. An AC
power source can be visualized as a resistive element that injects real power into the AC grid. For a
power source the d axis is a positive value. To ensure that the injected power is real, the controller
ensures that the q axis is force to zero, ensuring the power factor is unity. Figure 6.8 shows the
controller for a grid supporting inverter. The power flow is from the DC (left side) to the AC grid
(right side). The control algorithm is similar to the rectifier control. The difference is in the flow
of power. In a rectifier, the power flow is from AC to DC and reverse in an inverter.


































Figure 6.8: Control system structure for a grid Supporting inverter
Intended application of the inverter is in microgrids where the primary objective is to sustain
grid stability in events of load change. This requires that an inverter would inject required amount
of power into the grid when required. The AC grid frequency and voltage is maintained by the
frequency master. Thus, to achieve the stated objective of controlling the amount of injected power
into the grid, the inverter controller is setup as a controlled current source.
The control of a grid supporting inverter is similar to a PWM rectifier. It is based on the unity
power factor condition. The controller measures the DC input current Idc. The measured current
is compared to a reference current value. The reference current determines the amount of power
pulled from the DC side, or the amount of power being injected into the AC grid. The error is fed
to a PI regulator that outputs a control signal Idref .
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Figure 6.8: Control system structure for a grid Supporting inverter
Intended application of the inverter is in icrogrids where the pri ary objective is to sustain
grid stability in events of load change. This requires that an inverter would inject required a ount
of power into the grid when required. The AC grid frequency and voltage is aintained by the
frequency aster. Thus, to achieve the stated objective of controlling the a ount of injected power
into the grid, the inverter controller is setup as a controlled current source.
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The control of a grid supporting inverter is similar to a PWM rectifier. It is based on the unity
power factor condition. The controller measures the DC input current Idc. The measured current
is compared to a reference current value. The reference current determines the amount of power
pulled from the DC side, or the amount of power being injected into the AC grid. The error is fed
to a PI regulator that outputs a control signal Idref .
The AC side of the controller is implemented in the dq0 reference frame. Controller measures
the AC output current shown as iabc. The current is in the abc stationary reference frame. The
measured AC grid current is Park transformed fixed in the reference frame of the voltage rotating
at (Vabc). The inverter is setup as a real power source. To achieve the unity power factor condition,
measured current for the q axis, Iq is compared to a reference value Iq = 0. Error form the
comparison of reference and measured q axis is fed to a PI regulator that outputs the control value
U∗q .
For the control of d axis, the Idref , from the dc current controller is compared with the mea-
sured Id value. Error value is fed to a PI regulator that generates the control output U∗d . Control
outputs U∗d and U
∗
q are inverse Park Transformed to the abc reference frame to generate Uref . A
space vector modulator then drives the semiconductor switches in the bridge converter. Simulink
implementation of the grid supporting inverter/rectifier with controller is shown in Figure 6.9. In
the figure the controller is integrated with the power electronic components. The controller acts
as an inverter/rectifier depending upon the value of reference d-axis current. Notice the ‘sel ’in-
put port. The port selects the rectifier operation as a constant current or constant voltage output
mode. All the measurements are channeled through a measurement bus output port. Fast decaying
dynamics are introduced in the upper right corner. These are inserted to break algebraic loops.
Algebraic loops are algebraic constraints that arise in systems that are described by differential
algebraic equations or DAE. DAE are equations that describe a system containing additional con-
straints that have an independent variable and the state variable but does not contain derivative of
the state variable. This constraint adds additional computation overhead as the solver must solve



































































































Figure 6.10 shows output waveforms from a grid supporting inverter. Figure 6.10(A) shows
the reference input DC current and the measured value. Figure 6.10(c) shows the reference and the
measured Id. Notice that the reference Idref is positive, thus, bridge converter acts as a DC to AC
power converter.
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Figure 6.9: Grid supporting inverter Simulink implementation
with only direct feedthrough blocks within a loop. The system cannot be solved if the input port
value is not known. Algebraic loops can be avoided by breaking direct feedthrough paths [43].
This is achieved by inserting a delay in the path, such as a fast decaying dynamic shown in Figure
6.9. Algebraic loops might slow down a simulation due to the additional computations. Also, a
model containing algebraic loops cannot be compiled into an executable.
Figure 6.10 shows the controller GUI and the parameters mask. The same controller can be
used as an active bridge rectifier. The controller mask displayed here only contains the control
system. The associated power electronic components are implemented separately.
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Figure 6.10: Grid following inverter controller GUI and the parameters mask
Figure 6.11 shows output waveforms from a grid supporting inverter. Figure6.11(A) shows the
reference input DC current and the measured value. Figure 6.11(c) shows the reference and the
measured Id. Notice that the reference Idref is positive, thus, bridge converter acts as a DC to AC
power converter.
The library and its constituent tools are summarized in Appendix D.
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(c) AC Id component
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Internal combustion engines find widespread use in microgrids as the engines provide source
of power. Section 3.1.1 describes the transient response of a natural gas engine to load changes.
It is observed that natural gas engine exhibits significant deviations in the engine speed when
subjected to step load. This makes natural gas engines unsuitable for use in small scale microgrid
installations as they would induce unacceptable fluctuations in the grid frequency. Thus they only
find limited usage in large power plants that operate in baseload operation, such as in utility grid.
As a baseload generator, the engine is not subject to large load fluctuations. Moreover, any large
load fluctuation is abosrbed by the high inertia of the generator. In small grid installations, such
as a microgrid, any load variation directly affects the grid frequency. This issue can be mitigated
by combining the natural gas engine with other micro-sources and by employing suitable control
schemes.
One such microgrid control scheme developed by Han and associates uses a battery energy
storage system coupled with a natural gas engine [1] [44]. The battery storage system acts as an
energy pool, that is used to inject power into the system in the event of a load change thus reducing
the load on the engine. A multi input multi output (MIMO) controller controls the engine and
battery. The MIMO controller also controls the battery state of charge (SOC).
This chapter describes the simulation of a microgrid built using the tools described in previous
chapters. To set a benchmark for comparison, a natural gas engine generator is run in standalone
mode. The engine drives a synchronous generator that powers a load. The engine speed is con-
trolled using a PID regulator. This PID regulator is carefully tuned to extract thr best transient
response. The load consists of resistive elements connected in series. Each load element is con-
nected with a breaker. The breakers operate at fixed times, generating a staircase load profile. Total
simulation run time is 78 seconds. Load step size is 42 kW. Figure 7.1 shows the load profile and
the microgrid frequency. Notice that, for a step change in the load, the engine exhibit fluctuations
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in the output frequency leading to significant deviation from the grid reference frequency. Change
in the engine RPM is the result of changing torque on the engine.
Notice that, for a step change in the load, the engine exhibit fluctuations in the output frequency
leading to significant deviation from the grid reference frequency. Change in the engine RPM is
the result







































(b) Standalone natural gas engine powered generator frequency output
Figure 7.1: Natural Gas Engine powered generator output
Next section describes a microgrid configuration that addresses this problem. It will describe
the microgrid setup, microgrid control system and the use of the library components developed in
the previous chapters to develop a full fledged microgrid simulation.
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(a) Generator load profile.
Notice that, for a step change in the load, the engine exhibit fluctuations in the output frequency
leading to significant deviation from the grid reference frequency. Change in the engine RPM is
the result of changing torque on the engine.








































Next section describes a microgrid configuration that addresses this problem. It will describe
the microgrid setup, microgrid control system and the use of the library components developed in
the previous chapters to develop a full fledged microgrid simulation.
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(b) Standalone natural gas engine powered generator frequency o tput.
Figure 7.1: Natural Gas Engine powered generator output.
Next section describes a microgrid configuration that addresses this problem. It will describe
the microgrid setup, microgrid control system and the use of the library components developed in
the previous chapters to develop a full fledged microgrid simulation.
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7.1 Natural Gas Engine Based Microgrid with attached Stor-
age System
Control requirements for the microgrid are as follows. Grid frequency must be maintained at
the set reference value. This is achieved by controlling the engine speed. The attached storage
system acts as an energy pool that injects power into the grid when there is a deviation in the
grid frequency. Battery system should be responsive, while at the same time, giving up control
when the grid frequency stabilizes. In a steady state situation, when the grid frequency shows zero
deviation, the battery should be charged to maintain the reference state of charge.
Figure 7.2 shows the microgrid setup with an attached storage system. Primary microsource is
a synchronous generator powered by a natural gas engine. All the power sources and sinks connect
to an AC bus. The battery storage system consists of a bidirectional three-phase bridge converter,
shown as an AC-DC block.
. t r l s Engine Based Microgrid with attached storage
system
Control require ents for the icrogrid are as follo s. rid frequency ust be aintained at
the set reference value. This is achieved by controlling the engine speed. The attached storage
syste acts as an energy pool that injects power into the grid when there is a deviation in the grid
frequency. Battery system should be responsive, at the same time, giving up control when the grid
frequency stabilizes. In a steady state situation, when the grid frequency shows zero deviation, the
battery should be charged to maintain the reference state of charge.
Figure 7.2 sho s the icrogrid setup ith an attached storage syste . Pri ary icrosource is
a synchronous generator po ered by a natural gas engine. ll the po er sources and sinks connect

































The converter is setup as a bidirectional inverter-rectifier. The natural gas engine generator is
the primary microsource and acts as the grid frequency master. Grid frequency is controlled by the
speed governor in the engine. The converter acts as a grid supporting inverter when power flow is
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Figure 7.2: Microgrid control with attached storage system.
The converter is setup as a bidirectional inverter-rectifier. The natural gas engine generator is
the pri ary icrosource and acts as the grid frequency aster. Grid frequency is controlled by the
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speed governor in the engine. The converter acts as a grid supporting inverter when power flow
is from the battery to the AC grid. It acts as a controlled rectifier when power flows from the AC
grid to the battery (charging). Sections 6.3 and 6.5 describe the operation and control system for a
rectifier and a grid supporting inverter.
The engine speed is controlled using a PID regulator. Speed reference is set at 1800 rpm.
Engine AFR, that determines the engine efficiency, is controlled using a separate PID controller
(not shown). Engine drives a synchronous generator connected to the AC bus. The load consists
of a series of resistive elements. The load profile is the similar to the one shown in Figure 7.1a.
The engine and the battery storage system work in tandem to stabilize the grid frequency. Bat-
tery storage control system is implemented using classical PI regulator. The battery controller
consists of a PI regulator that commands a control output in the form of current. The SOC con-
troller controls the state of charge of the battery.
A change in the load leads to change in the torque experienced by the engine. This causes
deviation in the engine speed and eventually the grid frequency. Error output from the measured
engine speed and the reference engine speed is fed to the PI regulator in the battery controller. The
PI regulator outputs a control command shown the figure as Iref .
The bridge converter is setup as a grid supporting inverter when it acts as a power source.
The battery controller output Iref is the reference d-axis current for the inverter controller. A load
increase in the grid would cause a drop in the engine speed. The resulting error is fed to the battery
controller. The battery controller gains are tuned so that the battery controller is responsive but at
the same time the controller should account for zero steady state output. Therefore the integral gain
is kept small. The proportional gain is set to a high value thus making the system responsive. The
microgrid with the attached battery storage system is built using the tools described in previous
chapters. System specifications are described below:
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Table 7.1: Microgrid system specifications
Subsystem Specifications Details
Engine Type Pre-mixed lean burn natural gas engine
Dispalcement 20 Liters
Engine Speed 1800 rpm
Generator Type Three-phase sysnchronous salient pole
Pole Pairs 4
Voltage (line-line rms) 260 V
Frequency 60 Hz
Rated Power 300 kW
Battery Type Lithium-ion
Nominal Voltage 450 V
Capacity 50 Ah
Figure 7.3 shows Simulink implementation of the microgrid. The blocks depicted in the figure
are sourced from the library components described in previous chapters. The natural gas engine































































































Figure 7.3: Simulink implementation of the microgrid
Simulation run time was 78 seconds. Figure 7.4 shows the grid frequency. Comparing it with
the grid frequency of the microgrid consisting of a standalone natural gas engine genset shown
in Figure 7.1b, the frequency deviation is considerably reduced. A standalone generator, shows
frequency deviations of more than 0.6 Hz, with an initial frequency deviation exceeding 1.5 Hz.
The proposed microgrid setup shows frequency deviations of less than 0.4 Hz. Standalone system
also exhibits sustained oscillations after the fourth step. In the battery storage supported microgrid,
the deviation is significantly reduced and at the same time resulting in zero oscillations. For each
step change in the load, the frequency stabilizes in about 5 seconds. One can thus conclude that
the proposed microgrid and the control system are effective.
Simulation run time was 78 seconds. Figure 7.4 shows the grid frequency. Comparing it
with the grid frequency of the microgrid consisting of a standalone natural gas engine genset,
Figure 7.1b, the frequency deviation is considerably reduced. A standalone generator, shows fre-
quency deviations of more than 0.6 Hz, with an initial frequency deviation exceeding 1.5 Hz. The
proposed microgrid setup shows frequency deviations of less than 0.4 Hz. Standalone system also
exhibits sustained oscillations after the fourth step. In the battery storage supported microgrid, the
deviation is significantly reduced and at the same time resulting in zero oscillations. For each step
change in the load, the frequency stabilizes in about 5 seconds. One can thus conclude that the
proposed























Figure 7.5 shows the apparent power share for the three systems. The solid line is the power
consumed by the load. Engine power output is the plot superimposed on the load. In case of
frequency deviation, the PI controller promptly responds to inject power into the grid. This shows
up as a spike in the battery power output at the bottom of the graph. Power share of the system
during a positive error in the engine speed is described in equation 7.1.
PLoad = PGen + PBat (7.1)
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Figure 7.4: Microgrid control with attached storage system.
Figure 7.5 sho s the apparent po er share for the three syste s. The solid line is the po er
consu ed by the load. Engine po er output is the plot superi posed on the load. In case of
frequency deviation, the PI controller pro ptly responds to inject po er into the grid. This sho s
up as a spike in the battery po er output at the botto of the graph. Po er share of the syste
during a positive error in the engine speed is described in equation 7.1.
PLoad PGen PBat (7.1)
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Total power consumed by the load PLoad is the sum of power output of the generator and the
power injected into the grid by the inverter. Notice that, after the grid frequency reaches steady
state, engine output resumes normally and the inverter output reduces.
As stated in the requirements, the microgrid controller must charge the battery when the system
is running in steady state. This is achieved by the battery state of charge controller. The controller
compares the reference SOC value with the measured battery SOC and feeds the error to a PI
regulator generating the control output ISOC. Bridge converter control variable IRef determines
the power flow in the bridge converter. In steady state, the grid maintains the grid frequency,
deactivating the battery controller. This leads to a negative IRef, causing the bridge converter to act
as a rectifier, pulling power out from the grid into the battery. The rectifier is setup as constant
current source. Power share for the system when the bridge converter is acting as a rectifier is
given as
PGen = PLoad + PBat (7.2)
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Figure 7.5: Microgrid power share.
Total po er consu ed by the load PLoad is the su of po er output of the generator and the
po er injected into the grid by the inverter. otice that, after the grid frequency reaches steady
state, engine output resu es nor ally and the inverter output reduces.
s stated in the require ents, the icrogrid controller ust charge the battery hen the syste
is running in steady state. This is achieved by the battery state of charge controller. The controller
co pares the reference S C value ith the easured battery S C and feeds the error to a PI
regulator generating the control output S . Bridge converter control variable Iref deter ines
the po er flo in the bridge converter. In steady state, the grid aintains the grid frequency,
deactivating the battery controller. This leads to a negative Iref , causing the bridge converter to
act as a rectifier, pulling power out from the grid into the battery. The rectifier is setup as constant
current source. Po er share for the syste hen the bridge converter is acting as a rectifier is
given as
PGen PLoad PBat (7.2)
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Power output from the generator is shared between the load and the rectifier. The additional
power drawn by the rectifier shows up as an offset in the generator power output shown in Figure
7.5. The battery state of charge is shown in Figure 7.6.
the rectifier shows up as an offset in the generator power output shown in Fig-
ure 7.5. The









Notice that there is a steep drop in the SOC value in the beginning. This corresponds to the large
frequency deviation observed in the beginning. As the simulation progresses, the time for which
the battery is discharging is smaller than the time it is charging. This shows up as an eventually
increasing SOC. Control output from the SOC controller is clamped so that the engine is not loaded
when charging the battery. Failure to do so would lead to increased load on the engine, eventually
causing a drop in the engine rpm. This would cause undesirable oscillations in the system.
7.2 Optimized settings for simulation
This section lists out some solver settings and techniques that might be helpful for setting up an
efficient SimulinkTM simulation. These simulations are specific to the SimulinkTM software. Some
techniques and options are dependent on license type. Refer MATLAB or SimulinkTM website for
details.
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Figure 7.6: Battery State of Charge.
li t out so e recommended solv r settings and techniques that might be hel ful
for setting up a effic ent Simulink simulation ba ed on our experi nce to date with these simu-
latio systems.. These simulations are specific o the Simulink software. Some techniques and
op ions are dependent on license type. Refer to the MATLAB or Simulink website for details.
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7.2.1 Power Electronics Devices modeling
The power electronics components are modeled using different techniques. User can select the
appropriate model from the system mask. The different modeling techniques are described below.
Switching Devices Model
The device is modeled using detailed semiconductor device models. Such a model simulates
transients and individual semiconductor device characteristics. Using this model, A designer can
simulate and analyze the system for total harmonic distortion (THD) etc. The switching devices
model provides the most accurate simulation results but leads to slower simulation.
Switching Function Model
The power electronics device is modelled using voltage and current sources to mimic the
switching. It does not simulate the underlying physics of the semiconductor devices. The model
generates harmonics and thus, can be used to analyze the same. Simulations built using this type
of model run faster than switching devices mode.
Average Characteristics Model
In an average model, the semiconductor devices are replaced by averaged current and voltage
sources. For example, an ideal a single quadrant buck or boost converter (with zero losses) can be
described by the conservation of energy relation. Thus, input and output power must be equal. The
average model is not driven by pulses and thus, does not simulate switching or harmonics. This
model provides the fastest simulations.
The work presented in this text is directed towards research in microgrid control. The simula-
tions would simulate transient response of the various subsystems and their behavior during load
variations and source transitions etc. All the simulations developed in the previous chapters were
based on average characteristic models. A typical simulation run using the average characteristics
model is about four times faster than simulation using switching devices models.
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7.2.2 Miscellaneous settings
The simulation execution time can be drastically cut by running it in rapid accelerator mode.
In rapid accelerator mode, the models are converted into equivalent C or C++ code. The generated
code is then compiled and run. A typical simulation setup in rapid accelerator mode runs about
three to four times faster than in normal mode. Ability to run a simulation in rapid accelerator
mode is subject to toolbox dependencies and license type.
The engine models described in Chapter 3 execute in least time when solver is set to "ode23tb"
(trapezoidal rule + backward differentiation formula) solver. Simulations can be made to run faster
by disabling the zero crossing detection [45]. However, this may cause a deterioration in the
accuracy of the simulation. User must exercise caution and weigh the trade-offs.
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Chapter 8
Conclusion and Future Work
The thesis implements a microgrid simulation based on a natural gas engine. Governments
and environmental agencies have been tightening the emission norms for quite a few years. This
is due to an increasing number of vehicles and overall fuel consumption on the planet. Stringent
emission standards are necessitated due to increasing pollution in the cities. Diesel engines have
been specifically targeted due to high particulate matter in the diesel engine exhaust emissions.
Diesel engines have a fast transient response to big load changes as shown in Chapter 3. This is the
reason they find widespread use as backup generators. Increasingly stringent emission standards
have put pressure on the manufacturers to improve engine efficiency and at the same time cutting
down on the emission. The very nature of a diesel fuel engine makes this difficult. High engine
temperature combined with lower refined fuel makes it harder to meet the emission standards.
This has led to companies resorting to unethical practices, to cut cost. A good example would be
the Volkswagen scandal that involved cheating emission tests by tampering with the diesel engine
during inspections [46]. This incident was an eyeopener for the industry. This led to stricter
monitoring and vigilance. Keeping these factors in mind, manufacturers either have to invest more
in reducing exhaust emissions or switch to alternate and cleaner sources of fuel such as natural
gas. The proposed microgrid and the simulation described in this thesis provides an alternative to
diesel engine based microgrid.
Public awareness about climate change and adverse effects due to overuse of fossil fuels has
shifted the public opinion. Today’s customer is more informed and educated. This changes the
cost dynamics and economics of the energy industry. Today corporations, besides selling services,
sell value based services. In this type of model, consumers pay more for an otherwise cheaper
service in return for that added value which would otherwise have been cheaper. This model
is applicable to energy industry too. Consumers are willing to pay more for energy from a clean
energy source rather than cheaper conventional sources such as coal etc. This push towards cleaner
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energy sources is good news for the microgrid technologies as microgrids incorporating renewable
energy sources would see a more widespread implementation, creating new jobs.
The work done in thesis lays down a groundwork for future research in the area of microgrids.
The systems described in this thesis are compiled into a Simulink library. The thesis covered var-
ious topics related to microgrid systems and their control. Colorado State University has a robust
research community and environment that is focused on research into energy technologies. Pow-
erhouse Energy Research Institute is a hub for researchers and companies working on a spectrum




This section lays down potential expansion of modeling and experimentation of proposed tech-
niques and ideas. One such experimentation and validation technique is Hardware in Loop Testing
(HIL).
Experimentation and validation of proposed theorems and technologies is an essential part of
research. Software simulations is the first step in that direction. The next step in the development
of practical deliverable systems is the implementation of actual real-time systems. The efficacy of
the control systems developed in simulation environments is limited to those simulations. Practi-
cal control systems, implemented in real world applications, are complex systems. The complexity
arises from the perspective of controller implementation, communication, data collection and sens-
ing.
The traditional workflow of system design and validation is:
1. Construct mathematical models for the systems to be controlled.
2. Design control methodology for the system.
3. Simulate, test and refine the control system in the simulation environment.
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4. Implement the control system on a actual hardware (Industrial controller or microcontroller
etc.)
5. Test, validate and refine the real-time control system on a physical test system such that it
meets the system performance requirements.
Of all the above-mentioned steps, step 4 and step 5 involves implementation on real-world
hardware. The rest of the steps are implemented in software, thus the investment trade-off when
compared with hardware based iterative development is high. The cost of setting up a test sys-
tem requires high level of investment. The process of validation and testing requires significant
manpower and time. These issues can be addressed by software systems that replicate the be-
havior of real-world hardware [47]. This type of a system simulations implementation is called
hardware-in-the-loop (HIL) testing.
There are several vendors that supply HIL testing systems that directly integrate with the MAT-
LAB Simulink environment. A few of these are:
• OPAL-RT [48]
• Speed Goat [49]
HIL based system testing gives researchers and designers a lot of flexibility in testing new
techniques and methodologies. Future research into microgrids, that would utilize the simulation
tools described in this text, would be integrated with an HIL testbed. Thus, researchers would
be able to test and implement any new control strategies and techniques on real-time hardware
platforms, without having to build physical systems.
8.1.2 Use of alternate storage technologies
Alternate energy storage technologies can be used as a replacement to the battery. Superca-
pacitor or ultracapacitor is a promising contender. Battery is an energy source that is used to store
electric energy over extended periods of time. Analysis of the transient response of the system
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described in section 7.1, suggests that the battery is being actively utilized only for small time
durations, resulting in minimal battery state of charge variation. As evident in Figure 7.4, the grid
frequency stabilizes in a few seconds, suggesting that an energy storage system can be replaced by
a power source.
A supercapacitor is a power source that is employed in applications that require low energy
density but high power density. Supercapacitors offer some unique advantages over battery storage
system. Supercapacitors do not rely on chemical energy for electricity storage, thus have much
linger lifespan (charge-discharge cycles). Batteries are accompanied by battery controllers that
monitor the charging and discharging. Supercapacitors require less sophisticated management
systems [50].
Further research is needed to establish the feasibility and economic viability of using a super-
capacitor for use in microgrid for the purpose of frequency stabilization.
8.1.3 Robust MIMO Control of the microgrid
The library components described in this thesis rely on classical single input single output
(SISO) PID controllers. Robust control theory is a powerful tool that has numerous advantages
over classical PID control and other classical control design techniques. A controller designed for
a specific system is only as good as the mathematical model that is used to represent it. Classical
control design techniques such as design in frequency domain and time domain typically rely
on the assumption that the systems being analyzed are linear and time invariant. This limits the
applicability of these design techniques. Actual physical applicability of the classical techniques
is limited further as even the systems that are largely linear time invariant, exhibit varying degrees
of nonlinearity in practice. Another factor that adds to uncertainty when working on mathematical
models representing physical systems is that, the mathematical models cannot precisely model
real life physical systems. This is the result of unmodeled nonlinearities, dynamics, and errors in
measurement.
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Robust control theory provides a sound framework that takes into account the above mentioned
shortcomings. A designer can account for uncertainties in modeling and errors in measurements.
Classical control design techniques such as PID can only work on single input single output sys-
tems. Mutiple Input Multiple Output (MIMO) systems have to utilize multiple SISO PID loops that
are designed and operated independently. MIMO controllers designed using state space method-
ology afford the possibility of coordinated MIMO action, but they require precise mathematical
model of the system. Using robust control theory, one can design a MIMO controller that is robust
to the above mentioned uncertainties.
The tools described in this thesis could be used to design a microgrid that would incorporate a
unified MIMO controller that can control the whole system. MIMO controller has been shown to
exhibit significantly improved performance over classical PID controlled system [1] [51] [44]. Han
has developed MIMO controllers for natural gas engine based microgrid, like the one described
in Chapter 7. The MIMO controllers would be added to the library thus providing a rich set of
tools. Robust control theory has some unique features that makes it suitable for a wide variety of
control tasks. The author wishes to pursue future research in robust control theory and its potential
applications in solving various control problems.
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This section describes the pseudo code for the perturb and observe algorithm for maximum
power point tracking (MPPT). The routine is computed at every update cycle. The duty cycle step
size deltaD is predetermined. D and Dold is the output duty-cycle and previous duty-cycle,
respectively. V and P is the instantaneous voltage and power. Vold and Pold is the previous value
of the voltage and power. The code section at the end executes saturation limits for the duty cycle.
P = V * I
dV = V - Vold
dp = P - Pold
if dP (not equal to) 0
if dP < 0
if dV < 0
D = Dold - deltaD;
else
D = Dold + deltaD;
end
else
if dV < 0
D = Dold + deltaD;
else












The PID controller in a continuous time system is defined as:




Where Kp is the proportional gain, Ki is the integral gain, and Kd is the derivative gain. This
form of a PID controller is called the parallel form. The derivative action in the PID controller
responds to instantaneous time rate change of the error. This helps the controller predict any large
overshoot ahead of time, thus initiating appropriate control action. A fast changing input or a high
frequency noisy input might lead to noisy control signal, thus introducing instability in the system.
To remedy this, the derivative term in the controller is modified with a low pass filter. The modified





Where, N is the filter coefficient.
Controllers are implemented on digital computers that are discrete time systems. Hence, the






z − 1 +Kd.
N
1 +N.Ts.(1/(z − 1))
(B.3)
Where, Ts is the sampling time of the discrete time system.
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Appendix C
Additional tools and some implementations
This section lists some additional simulation models. These models source the components
and models described in previous chapters.




















































































































Summary of important library components
Here is a summary of the library components:
Base
Contains base components that form the building blocks for any simulation such as measure-
ment blocks, engine models etc.
• Measurement Bus - Line to Neutral
• Measurement Bus - Line to Phase
• Detailed model of a Diesel Engine
• Simple model of a diesel engine
• Detailed model of a natural gas engine
• Simple model of a natural gas engine
• Diesel engine generator
• Natural gas engine generator
Comms
Contains a collection of communication tools. These are used when setting up a multiple
generator simulation. These tools are application specific and thus are not listed or described here.
Control
Contains control system models such as engine control, bridge converter control, battery con-
trol etc.
• Genset controller - controllers for multiple generator operation
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• Genset plus controller - generator and genset controller put in a single model
• Genset plus controller with synchronization controller
• Grid and Power Manager
• Grid Manager
• Three phase bridge converter controller (Grid following inverter)
• Three phase bridge converter controller (Grid forming inverter)
• Battery controller
Renew
Contains tools related to renewable energy such as solar and wind.
• MPPT controller (sourced from Simulink examples)
• Wind turbine model (sourced from Simulink examples)
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